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development of a hormone-mediated material model for cervical remodeling.
Kyoko Yoshida
The timely remodeling of the cervix from a mechanical barrier into a soft, compliant structure, which dilates
in response to uterine contractions is crucial for the safe delivery for a term baby. A cervix which softens
too early in the pregnancy is implicated in spontaneous preterm births (sPTB). Currently, 15 million babies
are affected by PTB annually, early diagnosis is difficult, and 95% of all PTBs are unmanageable by avail-
able therapies. These statistics highlight the need to better understand the biological processes involved in
cervical remodeling and its downstream effects on material properties. To address this need, we propose
the development of a hormone-mediated material constitutive model for the cervix where steroid hormone
actions on key tissue constituents are incorporated into a microstructure-inspired material model.
As the first steps towards the development of this model, the main objective of this dissertation work
is to understand the key structure-mechanical function relationships involved in pregnancy. To understand
cervical material property changes, the equilibrium swelling and tensile response of the nonpregnant and
pregnant mouse cervix is measured, a porous fiber composite material model is proposed, and the model is
fit to the mechanical data then validated. To better understand key tissue constituents involved, the evolution
of intermolecular collagen crosslinks is determined in normal pregnancy and the role of the small proteogly-
can, decorin, and elastic fiber structure on cervical mechanical function is investigated.
The results presented here demonstrate that a porous, continuously distributed fiber composite model
captures the three-dimensional mechanical properties of the nonpregnant and pregnant cervix. The mate-
rial property changes of the cervix in a 19-day mouse gestation is described as a four order of magnitude
decrease in the parameter associated with the fiber stiffness. We provide quantitative evidence to demon-
strate the role of collagen crosslinks on tissue softening in the first 15 days, but not in the latter stages of a
mouse pregnancy. A role of elastic fiber structure on cervical mechanical function is demonstrated, as well
as distinct roles of estrogen on elastic fiber structure and progesterone on collagen fibril structure. Lastly,
an analysis of the time-dependent response of cervices from nonpregnant, normal pregnant, and induced
PTB mice are presented. This dissertation concludes by reviewing the presented data within the context of
the proposed framework to suggest future directions towards its development.
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Chapter 1
Introduction
Throughout the course of a pregnancy, the female reproductive tract undergoes significant changes as its
various organs synchronously grow and remodel for the safe development and delivery of a baby at term.
In particular, the remodeling of the uterine cervix from a rigid barrier into a compliant structure which dilates
at term is essential for the safe delivery for a baby. This doctoral thesis covers experimental and theoretical
methods to uncover the structure-function relationships of nonpregnant and pregnant mouse cervical tissue
in normal and abnormal cervical remodeling. These relationships are established towards the development
of a predictive, hormone-mediated material remodeling framework for the cervix designed to understand
and prevent pregnancy complications due to abnormal cervical remodeling.
1.1 Anatomy of the human uterine cervix
The uterine cervix is the cylindrical fibrous connective tissue located at the base of the uterus, extending
into the vaginal canal (Fig. 1.1). In the nonpregnant state, the human cervix has a single, narrow canal.
The superior end of the cervix is an extension of the lower uterine segment and is termed the internal
os. The inferior end extending into the vaginal canal is termed the external os. The endocervix refers the
inner canal of the cervix, which connects the internal and external os. The ectocervix refers the convex
shaped lower portion of the cervix inside the vaginal canal. In the nonpregnant state, the cervix is about 3
cm long and 2.5 cm in diameter and has the consistency of nasal cartilage. The uterine/cervical size and
shape, however, vary greatly among women [1; 2]. During pregnancy, both the uterus and cervix undergo
significant changes. The pregnant term cervix is often described to have a consistency similar to lips of the
oral cavity. The transformation of the cervix from a firm, closed nonpregnant state into a soft, dilate pregnant
state occurs via the cervical remodeling process.





Figure 1.1: Diagram of a nonpregnant female human reproductive tract, modified from www.webmd.com
1.2 Cervical remodeling in pregnancy
The appropriate function of the cervix is critical for the safe delivery of a term baby. From early to late
pregnancy, the cervix must act as a mechanical barrier, simultaneously opposing forces imposed by the
growing fetus and remaining closed. At term delivery (39-40 weeks of gestation), the cervix must soften
dramatically such that it can shorten, efface (thin), and dilate (open) in concert with uterine contractions to
become part of the birth canal. After delivery, the cervix must return back to its original nonpregnant state to
prepare for future pregnancies. This process in which the cervix undergoes these significant changes within
a relatively short duration is termed cervical remodeling. The cervical remodeling process during pregnancy
is understood as four distinct but overlapping stages of: softening (from early to late pregnancy), ripening
(right before delivery), dilation (at delivery), and postpartum repair [3; 4].
1.2.1 Cervical softening
The first stage of softening is characterized by a gradual decline in the stiffness of the cervical tissue. Mea-
surable reduction in the cervical stiffness begins by the first trimester in women at the level of the external
os [5]. During this stage, the barrier functions of the cervix are important - both as a mechanical barrier and
a barrier against infections. The hormonal environment at this stage is characterized by a high progesterone
(P) to estrogen (E) ratio [6].
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1.2.2 Cervical ripening
The second stage of cervical remodeling is termed ripening, characterized by a significant decrease in
cervical stiffness. In women, the timing of ripening can range betweenweeks to hours before labor. Clinically,
cervical ripening is identified by a Bishop score, a pelvic examination which includes the evaluation of the
cervical consistency [7]. With the Bishop score, the clinician evaluates the cervical consistency as firm,
medium or soft. During this stage, uterine quiescence is still maintained, but two distinct regions of the
uterus appear: an upper segment and a lower segment. The softened, ripened cervix is essential for its
gradual effacement and dilation for labor. Hormonally, this stage of the remodeling process is associated
with progesterone withdrawal. This progesterone withdrawal is evident in animals such as mice and rat,
where serum progesterone levels suddenly drop before delivery. In women, serum progesterone levels
remain high, but blocking P action via supplementation of progesterone receptor blockers lead to initiation
of ripening and labor [6; 8].
1.2.3 Cervical dilation and repair
At the initiation of delivery, the upper segment of the uterus actively contracts and thickens causing the pas-
sive lower uterine segment to thin. This action pulls up on the already ripened cervix causing it to shorten,
efface, and dilate. After the cervix is completely dilated at about 10 cm, the combined hydrostatic and gravi-
tational forces of the amniotic sac and fetus - or the fetus in the case of a ruptured membrane - push on and
further dilate the cervix [9]. After successful delivery of the baby, membrane, and placenta, the uterus and
cervix begin to reverse the process to return back to its original nonpregnant state, preparing for a subse-
quent pregnancy.
For a successful and safe delivery of a healthy baby, the synchronous and appropriate actions of the
mostly muscular uterus and more fibrous cervix is essential. During pregnancy, the uterus and cervix un-
dergo separate and distinct changes. In the earlier stages of pregnancy, the uterus must grow, stretch,
and maintain quiescence while the cervix must oppose stretch to remain closed, but simultaneously soften.
Right before delivery, the cervix must further soften, or ripen, to prepare for delivery. During this process,
the stiffness of the cervical tissue decreases significantly - about four orders of magnitude within 36 weeks
in human tissue as previous described [10] and within 19 days for mouse tissue as characterized in this
doctoral thesis [11]. This dramatic remodeling process occurs in a very dynamic environment of pregnancy,
where maternal, fetal, and placental cues must collaborate and appropriately signal the cells of the repro-
ductive tract organs. As explained in the following section, an untimely remodeling of the cervix is a current
obstetrical dilemma, which can lead to significant complications in pregnancy.
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1.3 Clinical motivation: cervical pathologies in pregnancy
1.3.1 Spontaneous Preterm birth (sPTB)
Preterm birth (PTB), is defined as birth before 37 completed weeks of gestation. Currently, 1 in 10 babies are
born preterm worldwide, affecting about 15 million babies annually [12]. PTB is a leading cause of neonatal
death and over 1 million children die annually due to complications from PTB. Surviving babies often suffer
life long complications and disabilities including visual, learning, and hearing issues. In the US, the PTB rate
has remained at above 10% since the 1990's, making it one of the highest rates in developed countries. The
US PTB rate in 2009 was 12.2% [13], demonstrating no decreasing trends in PTB rates despite advances
in prenatal care and increasing research efforts concentrated on its causes.
PTBs can be divided into 4 categories: spontaneous preterm labor with intact membranes, spontaneous
preterm premature rupture of membranes, delivery due to maternal or fetal indications, and twins/multifetal
births. Of these, the first two categories that collectively constitute spontaneous preterm birth (sPTB), which
account for 70-80% of all PTBs [14]. Etiologies of sPTBs are often multifactorial and sPTBs do not always
result from an acceleration of normal term deliveries. In many cases of sPTBs, however, a soft dilated cervix
is a final common outcome.
A sPTB is often difficult to predict, particularly at earlier time points in the pregnancy when interventions
are most effective. Current clinical predictors for sPTB include a previous history of PTB, elevated fetal
fibronectin levels in cervicovaginal secretions, and a short cervix (<25mm at 24 weeks) [15]. These meth-
ods, however, are not considered screening tests because many women with a short cervix do not give
PTB [16]. Even when sPTB is successfully identified before its onset, current prevention and management
techniques are inadequate. These techniques include bed rest, which has not been shown to be effective
and can inversely cause harm [17], vaginal progesterone treatments, cervical cerclage, and cervical pes-
saries. Progesterone is a hormone required for the maintenance of pregnancy and vaginal progesterone
supplementation is one of the most promising interventions for preventing sPTB. Progesterone has been
shown to reduce PTB rates in specific subsets of patients including women with a prior history of PTB and
for women with a short cervix [18; 19; 20; 21] and is a recommended treatment for this select population [22].
The mechanisms behind its effect, however, are still unknown. Cervical cerclage and pessaries are inter-
ventions designed to physically oppose cervical dilation. A cerclage is a surgical stitch inserted into and
around the cervix to cinch the cervix closed. Early intervention with a cerclage may be beneficial for women
with a high risk of PTB and the short cervix, but in all other patients, cerclage has not been shown to be
effective and sometimes harmful [23]. A cervical pessary is a silicone ring placed around the cervix designed
to be a less invasive alternative to a cerclage. Although the pessary is thought to provide physical support
to the cervix, recent randomized controlled trials on singleton [24] and twin pregnancies [25] demonstrate no
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differences in reducing the rate of sPTB.
In a population-based, international, multi-center study conducted in 2015, 22% of all PTBs were sPTBs
unassociated with any known maternal, fetal, nor placental conditons [26]. A trend analysis of PTB rates
conducted in 2013 predicted that currently available interventions for PTB could only account for a 5% reduc-
tion in PTB rates, indicating that 95% of all PTBs are unmanageable. These statistics highlight an urgent
need to better understand the underlying mechanisms of PTBs to help the development of better clinical
interventions [27]. In particular, the ability of the cervix to resist dilation is critical, because interventions
designed to inhibit premature uterine contractions can only delay labor for up to 48 hours and do not prolong
gestation [28].
1.3.2 Delayed/inadequate cervical remodeling and post-term birth
On the other end of the spectrum from premature cervical ripening and dilation, delayed or inadequate cer-
vical ripening can lead to postterm pregnancies or an arrest of cervical dilation during labor. In 2014, 6%
out of 4 million infants were delivered at 41 weeks or more [29]. Postterm pregnancies are associated with
increased perinatal morbidity and mortality as well as significant risks to the mother including a doubling in
the Caesarean delivery rate [30].
In summary, the timely softening of the cervix is crucial for normal parturition and abnormal remodel-
ing currently affects a large percentage of pregnancies. Premature softening and/or ripening of the cervix
can lead to sPTB, cervical insufficiency, or a an incompetent cervix that is too soft, can lead to extremely
premature midtrimester births, and delayed/absence of softening and/or ripening can lead to postterm preg-
nancies and an increase in the Cesarean section rate. Therefore, timely remodeling of cervical material and
structural properties are essential. The difficulties associated with diagnosing women with a cervix that is
too soft early on in her pregnancy leads to an inability to identify a population of women who would benefit
from current available therapies. In addition, a large portion of PTBs are still unassociated with any known
conditions, highlighting a need to better understand the underlying mechanisms behind sPTBs. Because
a mechanically strong cervix with the ability to resist premature dilation is essential for preventing a sPTB,
an understanding of its remodeling process is crucial. In particular, a connection between biological and
mechanical factors underlying normal and abnormal cervical softening, ripening, and dilation is necessary.
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1.4 Mouse models of pregnancy
A key gap in knowledge for understanding the deformation and dilation of the cervix in pregnancy is its
material characterization throughout pregnancy. Because the material behavior of soft tissues is complex, a
variety of ex vivo mechanical tests are necessary to fully understand its material behavior. Furthermore, an
appropriate material constitutive model involving material parameters with physical meaning is necessary to
identify key material parameters involved in pregnancy. Only then can the rate of change in these material
parameters be measured during pregnancy to assist in the development of effective diagnostic tools for
identifying women in danger of premature cervical ripening and dilation. Human pregnancy, however, is a
highly protected environment and obtaining human cervical tissue serially through the course of a pregnancy
is difficult. Thus, the obstetric research community have continued to rely on the mouse and rat as animal
models of pregnancy.
In this dissertation work, mouse models of pregnancy are utilized to understand the structure-function
relationships of the cervix. Mouse models offer the advantages of gestation-timed pregnant tissue samples,
genetically altered strains of abnormal remodeling, and provide valuable insights into the effects of various
clinical treatments on cervical mechanical properties, which would not be possible through human tissue
experiments. The mouse and human share 95-98% of the same genomes and genetic knock-out models of
mice can represent particular aspects of human disease. In addition, the relatively short 19-day gestation
period of a mouse allows for efficient generation of study samples.
1.4.1 Anatomy of the mouse uterine cervix
As in the human cervix, the mouse cervix is the cylindrical connective tissue located at the base of the
uterus. Unlike the human cervix, the mouse cervix is connected to two separate uterine horns, which extend
to either side of the mouse abdomen (Fig. 1.2). Unlike the rat cervix, which have two inner canals [31],
and like the human cervix, the mouse cervix has one inner canal [32]. The nonpregnant mouse cervix is
approximately 2.2mm in diameter and 2.8mm in length. In its 19-day gestation period, the mouse cervix
grows to approximately 4mm in diameter and 4.4mm in length. Like the human cervix, we refer to the
internal os as the junction between the cervix and the uterus and the external os as the inferior portion of
the cervix, which extends into the vaginal canal.
1.4.2 Normal mouse pregnancy
Wild-type laboratory mice give birth on gestation day 19, when the presence of a copulation plug is counted
as gestation day 0. Mice do not normally give sPTB, unless induced. In this study, we utilize mice with a
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C57/BL6 background. For these mice, the average litter size ranges from 6-8 pups per pregnancy, where
the number of pups in each uterine horn can differ. Chapters 3 and 4 present studies conducted on normal
nonpregnant and pregnant mice.
1.4.3 Mouse models of preterm birth
Rodent studies have demonstrated multiple distinct pathways that can lead to the common endpoint of
PTB. Two widely studied mouse models of PTB are: infection-mediated PTB via lipopolysachride (LPS) and
hormone-initiated PTB via the progesterone receptor blocker, mifepristone (RU486). In Chapter 6 we present
mechanical data on cervices from mice treated with either an intrauterine injection of LPS or subcutaneous
injection of RU486 on gestation day 15. Mice treated with LPS usually give birth 7-9 hours after treatment
while mice treated with RU486 usually give birth 12-18 hours after treatment.
1.4.4 Mouse models of cervical insufficiency
Here, we refer to "cervical insufficiency" as a condition in which the mechanical function of the cervix is
compromised before pregnancy or in early pregnancy. Chapter 5 presents mechanical data on cervices from
mice lacking decorin (Dcn-/-), a small proteoglycan protein. In this study, we determined that cervices from
nonpregnant and early pregnant Dcn null mice are significantly weaker and compliant compared to wild-type
mice. These mice, however, do not give PTB so we consider this mouse as a model for cervical insufficiency,
but not PTB. Another known mouse model of cervical insufficiency include mice lacking thrombospondin 2
(Thbs2-/-), a matricellular protein known modulate functions of collagen [33].
1.4.5 Mouse models of failed parturition
There are several mousemodels that fail to give birth, in part due to a lack of cervical remodeling by gestation
day 19. Chapter 2 presents osmotic swelling mechanical data on the Anthrax Toxin Receptor 2 knock-out
(Antxr2-/-) mouse cervix. Young female Antxr2-/- mice are able to carry pups to term, but consistently fail
to give birth due to a combined lack of uterine muscle striation resulting in inadequate uterine contractions
and a cervix which fails to ripen at term [34]. In addition to this model, other failed parturition mouse models
include a mouse with transgene insertion on mouse chromosome 6 (Tg/Tg) [35] and a mouse deficient in
type 1 steroid 5α-reductase, an enzyme with roles in progesterone catabolism [36].














Figure 1.2: Diagram of a nonpregnant female mouse reproductive tract. The mouse has two uterine horns
connected to a cervix with a single inner canal.
1.4.6 Mouse models vs. human pregnancy
As explained above, there are multiple mouse models that reflect various abnormalities in cervical remod-
eling and parturition. It is still unclear, however, if the molecular triggering mechanisms for this remodeling
behavior are similar between humans and mice. From a mechanical standpoint, there are obvious anatom-
ical differences associated with mouse models of pregnancy. Therefore, care should be taken to assess
material properties as opposed to structural properties before translating mouse pregnancy data to human
pregnancy. Regardless of these differences, however, there are sufficient evidence to motivate the use of
mouse models as an appropriate tool for evaluating tissue structure-material property relationships in preg-
nancy. In the next section, we highlight similarities and differences in the cervical tissue structure between
human pregnancy and mouse models of pregnancy.
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1.5 Cervical tissue constituents:known changes with pregnancy
1.5.1 Cells
Unlike the uterus which is mainly composed of smooth muscle cells, the cervix is a dense extracellular
matrix (ECM) rich connective tissue. In both mouse and human cervix, epithelial cells line the endocervical
canal and the ectocervix. During pregnancy, endocervical epithelial cells proliferate and form glands that
secrete mucous to help protect against infections [9]. The exact roles of the cervical cells in ECM remodeling
processes are still under investigation. Smooth muscle cells comprise 10-15% of the cells in the cervix [1].
Recent evidence, however, have shown a decreasing gradient in smooth muscle cells from the internal to
the external os [37], suggesting a role for these cells in preventing dilation at the internal os. In nonpregnant
(NP) tissues, active contractions of the smooth muscle cells are not hypothesized to contribute to overall
tissue mechanical response, particularly in large deformation but additional studies are warranted [38]. In
this work, we consider only the passive mechanical response of the cervix.
1.5.2 Water content
Like other tissues and organs, the cervical tissue is mostly composed of interstitial fluid. In the NP state, the
human cervix is about 75-80% hydrated. By term pregnancy, the human cervical tissue hydration increases
by about 5% [39]. In the mouse, the NP cervix is similarly about 75% hydrated. Throughout pregnancy, the
hydration remains at this level until gestation day 12 (d12), increases to 80% by gestation day 15 (d15),
and continues to increase to 83% by gestation day 18 (d18) [40; 41; 42]. In the PTB mouse models, water
content relative to normal d15 is significantly higher in the hormone-induced PTB RU486 cervix (85%), but
not in the infection-mediated PTB LPS cervix (81%) [42].
1.5.3 Collagen
Fibrous collagens (types I and III) are the most abundant proteins in the cervical ECM [1]. Fibrous collagens
are known for its importance in proving structural support to various connective tissues. Specifically, as a
rope-like structure, collagen fibers form networks to provide tensile support and dictate tissue tensile prop-
erties.
Fibrous collagens have a hierarchical structure: collagen molecules are crosslinked together via in-
termolecular crosslinks to make up a fibril (37.3nm-67.0nm in diameter for the mouse cervix), fibrils are
crosslinked together to form fibers (1-2µm in diameter for the mouse cervix), and bundles of fibers are dis-
tributed throughout the tissue in random directions (isotropic) or in specific directions (anisotropic) (Fig. 1.3).
In connective tissues, the collagen structure at different hierarchical levels are known to affect tissue me-
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Figure 1.3: Hierarchical structure of collagen. The human cervix on the length scale of cm [43]. Collagen
fiber bundle distribution throughout an axial human cervical slice on the length scale of mm [44]. Collagen
fibers are assessed through second harmonic imaging on the length scale of µm. Transmission electron
microscopy images of collagen fibril cross-sections on the length scale of 100nm [45]. Within a fibril, collagen
molecules are crosslinked together via intermolecular crosslinks [46].
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chanical properties. Examples include the enzymatic inhibition of intermolecular crosslink formation leading
to compromised mechanical properties in developing tendon [47], abnormal fibril packing linked to an in-
crease in tensile tissue compliance [48], and a reduction in collagen fiber tensile properties and fibrillation
as a hallmark of osteoarthritic cartilage [49; 50].
During pregnancy, changes in the collagen structures are observed at both fibril and fiber levels. In gen-
eral, over the course of a normal pregnancy, the collagen structure appear weaker, more dispersed, and
less organized. These collagen remodeling characteristics are hypothesized to be the driving force behind
cervical softening, ripening, and dilation.
Collagen content
Collagen content is traditionally measured using a standard colorimetric assay to evaluate hydroxypro-
line content, an amino acid which constitutes about 14% of collagen by weight [51]. In the cervix literature,
there is a wide range in collagen content reported for human cervical tissue ranging from 54-77% per dry
weight for NP cervix and 23-40% per dry weight for pregnant term cervix [39; 52]. In the mouse, collagen
content per dry weight ranges from 10-23% per dry weight throughout gestation [45]. In both human and
mouse, the cervical collagen content normalized by dry weight does not change significantly during preg-
nancy. Some studies report a decrease in collagen concentration, but this is usually due to the calculation
of collagen content normalized by wet weight, which increases with pregnancy and leads to the conclusion
that the collagen concentration decreases. In particular, recent development of in vivo tools designed to
measure cervical collagen content based on its fluorescence leads to the conclusion that the collagen con-
centration decreases towards the end of pregnancy [53; 54].
One concern upon comparing the human and mouse cervix is the striking difference in the collagen
content per dry weight (54-77% in human vs. 10-23% in mouse). In human studies, collagen content and
other biochemical measures are made from biopsy punches taken from the cervical stroma, which do not
contain epithelial cells. In mouse studies, collagen content and other biochemical measures are made in
the whole cervical tissue. Due to its small size, it is impractical to isolate the stromal area of the tissue.
Therefore, collagen content measurements for mouse tissue are normalized by the combined weight of the
stroma and the epithelial layers, which would lead to lower collagen content compared to normalizing by just
the weight of the stroma. Thus, the discrepancy between collagen content for mouse and humans could
be due to the nature of sample processing, and not necessarily on differences in the actual collagen content.
Collagen crosslinks
Enzymatic intermolecular crosslinks are known to stabilize the collagen triple-helix molecules and help
organize them into fibrils. In connective tissues, there are two known pathways for enzymatic collagen
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crosslinking: allysine and hydroxyallysine pathways. These pathways generally occur in loose and stiff con-
nective tissues, respectively. Pyridinoline crosslinks are derived from the hydroxyallysine crosslink pathway
and have been shown to occur in other connective tissues such as cartilage, ligament, and tendon [55; 56;
47]. In this pathway, crosslinks are initially formed between a telopeptide residue and a helical residue
to produce immature (divalent) crosslinks including dehydro-dihydroxylysinonorleucine (deH-DHLNL) and
dehydro-hydroxylysinonorleucine (deH-HLNL) [57]. These immature crosslinks react with another telopep-
tide residue to formmature (trivalent) crosslinks between three collagen molecules to form deoxypyridinoline
(DPD) and pyridinoline (PYD). These crosslinks, with the exception of HLNL, have been shown to exist in
NP human cervical tissue [58]. HLNL content have not yet been evaluated in human cervical tissue.
Collagen crosslinks are catalyzed by the enzyme, lysyl oxidase (LOX). Estrogen is known to regulate
LOX activity in the mouse cervix and LOX activity progressively decreases during gestation, reaching a min-
imal level at d15 in the mouse [59]. Progesterone is known to suppress estrogen-induced LOX expression
in vaginal tissue [60]. The decrease in LOX activity during gestation lead to the hypothesis that collagen
crosslinks are downregulated during pregnancy and is hormonally regulated. This hypothesis in combina-
tion with the findings where total collagen content do not change significantly with gestation leads to the
accepted hypothesis in the literature that changes collagen structure rather than content dictates the soft-
ening and ripening of the cervical tissue in pregnancy.
To address this hypothesis, earlier biochemical studies of the cervix measured the extractability of col-
lagen in weak acids was evaluated as an indirect measure of mature collagen crosslinks. Since weak
acids are able to solubilize collagens with reduced crosslinks [61], tissues with higher solubility indicate less
crosslinked collagens. The solubility of collagen in weak acids increases significantly with the progression
of pregnancy in the mouse, reaching maximum solubility by gestation day 12 (61% in NP tissue versus 74%
in d12 tissue) [41]. Similarly, pregnant human cervical tissue has a higher solubility compared to NP tissue
(30-40% in NP tissue versus 80% in pregnant term tissue). Studies on NP women have shown that women
with a history of cervical insufficiency (CI) have cervices with higher collagen solubility compared to normal
NP women: 65.2% in normal NP versus 85.5% in NP cervix with CI [62] and 49.5% in normal parous NP
versus 80.2% in NP cervix with CI [63]. The higher collagen solubility in pregnant tissue and in women with
a history of cervical insufficiency without a significant difference in total collagen content support the impor-
tance of collagen structure, specifically crosslinks on cervical mechanical properties. However, solubility is
an indirect measure of collagen crosslinks and depend on the solution used to extract the tissue, leading to a
wide range in collagen solubility reported [52]. Therefore, quantitative and direct measurements of collagen
crosslinks are desired.
To address these limitations and to understand the mechanical consequences of intermolecular colla-
gen crosslinks, Chapter 3 presents measurements of the immature crosslinks DHLNL and HLNL (reduced
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form of deH-DHLNL and deH-HLNL, respectively) and mature crosslinks pyridinoline (PYD, also known as
hydroxylysyl pyridinoline) and deoxypyridinoline (DPD, also known as lysylpyridinoline). In a previous study,
it was shown that the mature crosslink (PYD and DPD) density, normalized on a mole to mole basis with
collagen, decreased with progressing gestation in the mouse [45].
Collagen fibrils and fibers
Changes in the cervical collagen fibril and fiber structure have been assessed via imaging studies in
both mouse and human. Transmission electron microscope (TEM) images of fixed cervical tissue sections
have shown increasing fibril diameter with gestation (average diameters 37.3 nm in NP and 66.6 nm in term
pregnant d18 cervix) [45]. These images also show increased spacing individual fibrils, suggesting a disrup-
tion of the collagen at both the fibril and fiber levels. Collagen fibrils are known to be crosslinked laterally to
other fibrils by SLRPs to form fibers. As part of the study conducted in Chapter 5, our group demonstrates
that one such SLRP, decorin, is abundantly expressed in both NP and pregnant mouse cervix and is closely
associated with the collagen fibers seen via dual imaging of collagen and decorin [64].
Changes in collagen fiber structures have been investigated through second harmonic generation (SHG)
imaging techniques in both human [39] and mouse cervix [65; 66]. SHG allows for imaging of unfixed, frozen
sections, where the collagen fiber structure is closer to physiological conditions compared to traditional his-
tological techniques including TEM and trichrome staining. This technology is also available as an endo-
scope [65], which will allow for future in vivo assessment of cervical collagen structure. In NP mouse tissue,
the collagen fiber bundles are highly aligned, thin, and relatively straight with minimal undulations. By d12
of pregnancy, cervical collagen fibers become thicker, curved, and more undulated with increased spacing
between fibers. These trends continue to the end of pregnancy at d18. Quantitative analysis of SHG im-
ages demonstrates a two-fold increase in fiber diameter and about a 1.5 fold increase in pore spacing [65;
66]. Strikingly similar characteristics of the collagen fiber bundles are observed in nonpregnant and term
pregnant human tissue [39; 65]. SHG images of the human cervix in mid-pregnancy have yet to be evalu-
ated.
Collagen fiber bundle distribution
Few studies have investigated the orientation and distribution of collagen fiber bundles in the cervix. In
an early study, x-ray diffraction techniques demonstrated three zones of preferred fiber orientations in the
nonpregnant human cervix: an inner and outer zone of longitudinally oriented fibers nearest and furthest
from the endocervical canal and a middle zone in between with circumferentially oriented fibers [67]. To
analyze these zones, axial cervical slices were cut into blocks with known anatomical directions. This study
also measured the fiber distribution in nonpregnant and pregnant term rat cervix and report similar zones in
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the nonpregnant rat cervix, but no preferred orientation for the pregnant term rat cervix.
In another study, 3D SHG techniques were used to create a map of collagen fiber orientation in the non-
pregnant rat cervix [68]. This study demonstrated similar fiber distributions of longitudinal fibers in the inner
and outer zones and circumferential fibers in the middle zone. Further research is needed to determine the
orientation of collagen fibers in the pregnant rat cervix and in the mouse cervix.
In a more current study, optical coherence tomography (OCT) techniques were used to assess fiber
bundle directionality and dispersion of collagen fiber orientation in ex vivo longitudinal slices of nonpregnant
and pregnant human cervices [44]. One advantage of this study is the non-destructive nature of OCT, where
image scans are taken on whole, axial slices immersed in water and post-processing techniques are used
to stitch these images together, allowing for the creation of a seamless map of collagen fiber bundles. This
study reports overall preferred directionality of circumferential collagen fiber bundles in both nonpregnant
and pregnant samples. Higher dispersion of collagen fiber orientations were found in the pregnant cervices.
Furthermore, only regions near the inner canal demonstrated larger dispersions compared to outer regions.
Further OCT studies on human cervical tissues are underway [69] to further quantify these zones in the
human cervix. The small sample size limits the application of OCT techniques to the mouse cervix.
Summary
In summary, the collagen structure remodels significantly during pregnancy at each hierarchal level in
the cervix. It is generally accepted that the nonpregnant cervix has circumferential collagen fiber bundles
circling the inner canal. OCT techniques demonstrate that these circumferential fibers remain in this general
orientation, but become more dispersed. These data, however, only exist for the human cervix. Second har-
monic generation (SHG) images of individual collagen fibers that make up the collagen fiber bundles demon-
strate that in both human and mouse cervix, nonpregnant cervices have aligned, thin, relative straight fibers
which become thicker, curved, and more undulated with increased spacing in between fibers by the end of
pregnancy. Cross-sectional TEM images of collagen fibrils, which make up a collagen fiber, demonstrate
that individual fibril diameters increase with pregnancy in the mouse cervix. Finally, biochemical studies
assessing the solubility of the cervical tissue in weak acids increases with pregnancy, suggesting that the
intermolecular crosslinks, which stabilize collagen molecules into a fibril, decrease with pregnancy. Overall,
the changes in the collagen structure indicate a remodeling trend in which mature, stronger collagens are
broken down by various enzymes such as matrix metalloproteinases (MMPs) and replaced by immature,
weaker collagens during pregnancy, leading to a softer, ripened cervix at term.
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1.5.4 Elastic fibers
Elastic fibers are ECM constituents known to provide tissues with the ability to repeatedly recoil back into
a homeostatic shape after applied stretch. Similar to collagen, elastic fibers have a hierarchical structure,
where a crosslinked elastin polymer core is surrounded by a microfibril network. The distribution and ar-
rangement of elastic fibers is tissue specific. In the arterial wall, elastic fibers form sheets with a lamellae
structure in between layers of smooth muscle cells. In the lung, elastic fibers appear as thin, branched fibers.
For skin, the lower reticular layer contains thick, horizontally arranged fibers while the upper papillary layer
contains thinner perpendicular fibers [70]. Well established features of elastic fiber are: high thermal stability,
long lifetime of approximately 80 years and its linear, compliant mechanical response in tension compared
to collagen [71; 72]. In addition, elastic fibers in the arterial wall are known to apply a pre-compression to
the collagen fibers to maintain crimp to protect collagen from experiencing high levels of stretch leading to
damage [71; 73].
Elastic fibers have two major components: the elastin polymer and microfibrils. Elastin, the main com-
ponent of the elastic fiber, is a crosslinked polymer of tropoelastin. Similar to collagen molecules, elastin
is crosslinked together via LOX action. Desmosine and isodesmosine are known LOX mediated elastin
crosslinks. Microfibrils are composed of various proteins including fibrillins, MAGPs (microfibril associated
glycoproteins), fibulins, and EMILIN-1 (elastin microfibril interface located protein) [74].
Disruptions in both elastin and microfibril components have been shown to result in compromised tissue
function. For example, mice lacking the elastin gene are not viable due to vascular obstruction, and het-
erozygous mice with only one allele of elastin exhibit hypertension and smaller vessels with thinner walls
compared to wild-type mice [75]. Biaxial mechanical tests on arteries from mice deficient in fibulin-5 exhibit
higher structural stiffness and are less effective at storing elastic energy leading to an increase in energy
dissipation during load-unload cycles of stretch [76]. Enzymatic degradation of elastin using elastase in ar-
terial walls cause the structure to expand and lead to a stiffer tissue that is more susceptible to damage [77].
In the medial collateral ligament of the knee, enzymatic degradation of elastin led to a reduction in tensile
tissue stress [78] and reduced resistance to elongation transverse to the collagen fibers and shear along the
axis [79].
The elastic fibers in the cervix are relatively understudied compared to collagen. In the human cervix,
the percentage of elastin content per dry weight ranges from 0.9-2.4% [80]. This study by Leppert et al.
calculated the elastin content based on the amount of the elastin crosslinks desmosine and isodesmosine,
assuming a constant ratio of desmosine per elastin (13.9 nmol desmosine per mg elastin). Leppert et al.
also determined the desmosine content in cervical tissue from pregnant patients with and without cervical
insufficiency. The same factor for converting desmosine content to elastin content was used. This study
showed that the elastin content per dry weight decreased in normal pregnancy (2.6% in NP cervix vs. 1.5%
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in normal pregnant cervix at 40 weeks) and further decrease was seen in the pregnant cervix with cervical
insufficiency (0.73% at 40 weeks). In addition, photomicrograph images showed a lack of elastic fibers in the
cervical tissue fromwomenwith cervical insufficiency [81]. These data together demonstrate that elastin only
constitutes a small percentage of the cervical dry weight, but elastic fiber structure may have a role in the me-
chanical properties of the cervix, similar to ligament, where elastin only constitutes 4-6% of the dry weight [78;
70].
Chapter 5 of this dissertation presents data to show evidence of elastic fiber reorganization in pregnancy.
Furthermore, we present structural mechanical data to suggest that elastic fibers affect tissue mechanical
properties.
1.5.5 Glycosaminoglycans and Proteoglycans
Glycosaminoglycans (GAGs) are negatively charged polysaccharides that are known to provide tissues
with a net negative fixed charge density (FCD). The negative FCD imbibes fluid into the tissue to induce
swelling, which are counteracted by the tensile properties of the collagen network. GAGs can be classified
into sulfated GAGs (sGAGs) and non-sulfated GAGs. The sGAGs are known for its high negative charge
and mostly exist as side chains on a protein core to constitute a proteoglycan. sGAGs expressed in the
cervix include chondroitin sulfate (CS), dermatan sulfate (DS), and small amounts of heparan sulfate (HS).
The cervical tissue has a relatively low content of sGAGs (1.2-5.5% of the dry weight in human cervix [39;
39]) and therefore a low FCD compared to other connective tissues such as cartilage [50; 82; 83; 84] and
intervetebral disks [85]. Several proteoglycans are expressed in the NP and pregnant cervix including the
large proteoglycan, versican, and small leucine rich proteoglycans (SLRP) decorin, biglycan, asporin, os-
teomodulin and fibromodulin. SLRPs are known for its role in regulate fibril size and packing, acting as
fibril-to-fibril crosslinks [86].
The sole non-sulfated GAG in the cervix is hyaluronic acid (HA), also known as hyaluronan. HA is a
linear polysaccharide composed of repeating units of D-glucuronic acid linked to N-acetyl-D-glucosamine
and can exist in a wide range of sizes [87]. HA is found throughout the body in the ECM space, on the cell
surface, and even within cells. HA is known for its diverse functions and relatively high turnover [88]. HA can
contribute to tissue biomechanical properties either on its own or in its interactions with other ECM proteins.
In its high molecular weight form, polymer entanglements of the HA act to provide tissue viscosity and its
negative charges contribute to tissue hydration. In cartilage, HA binds the large proteoglycan, aggrecan,
to form large aggrecan complexes. These aggrecans are responsible for providing cartilage with its high
FCD and therefore fluid pressure leading to fluid load support, critical for maintaining its function as a high
load bearing, low-friction connective tissue [89; 90; 91]. HA is also associated with remodeling events such
as morphogenesis and wound healing. In wound healing, HA facilitates cell migration into the tissue by
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providing an open, hydrated tissue environment, promote cell proliferation, and in later stages of healing,
helps to protect the new cells and ECM [92].
In both mouse and human, mRNAs of the large proteoglycan versican, as well as the SLRPs decorin,
biglycan, and fibromodulin are expressed in the NP and pregnant cervix [93; 45], suggesting that proteogly-
cans are maintained throughout pregnancy. The biological and mechanical roles of proteoglycans, however,
are still under investigation. In Chapter 5, we present data to suggest that one of the SLRPs, decorin, is
necessary for regulating collagen fibrils and elastic fiber architecture and therefore cervical mechanical prop-
erties in NP and early pregnant cervix [64].
In the human cervix, total GAG content normalized by dry weight increases about two-fold during preg-
nancy [39; 94]. In particular, there is a dramatic increase in HA towards the end of pregnancy. Similarly, GAG
contents in the pregnant mouse cervix at d17 and d18 is significantly higher compared to NP levels [95]. This
significant increase in the total GAG content is due solely to a 1.5 to 2.5-fold increase in HA by d16. In the
NP cervix HA constitutes 51% of the total GAGs, and at d18 HA constitutes 71% of the total GAGs. On the
other hand, the abundance, chain length, and sulfation levels of sGAGs remained constant throughout preg-
nancy. This increase in HA towards the end of pregnancy suggests its role in cervical ripening, which was
supported by the elevation in HA levels in cervices frommouse models of PTB. As a follow up, these authors
studied the properties of the cervix in conditional knock-out mice without genes to encode HA synthase [96].
In this study, they found were no differences in the instantaneous structural tissue stiffness, hydration, nor
matrix remodeling between wild-type and knock-out mice. In addition, no differences in the collagen struc-
ture was apparent between normal and HA depleted mice. Instead, they found an unanticipated role of HA
in epithelial barrier protection where knock-out mice exhibited aberrant organization and differentiation of the
cervical epithelia and altered mucosal properties, resulting in higher permeability to microparticles injected
into the cervicovaginal canal. Therefore, the mechanical consequence of the increase in HA towards the
end of pregnancy is still under investigation.
1.6 Previous mechanical studies of the cervix
As explained in the sections above, the remodeling events of the cervix during pregnancy are complex,
involving multiple and interacting pathways, within a dynamic hormonal environment. In pregnancy, the
most important downstream consequence of these events is cervical mechanical function. Therefore, un-
derstanding the connections between cervical material properties and ECM changes is critical for identifying
key pathways in preventing sPTB. To date, several studies have been conducted to evaluate NP and preg-
nant mechanical properties of both human and mouse cervices and are outlined here.
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1.6.1 Human cervix
Ex vivomechanical data for the human cervix only exist for NP and pregnant term tissue. The term pregnant
cervix is most often taken from patients at the time of a Caesarean section due to suspected placenta accreta
or precreta, a condition in which the placenta invades the uterine wall. Therefore, these casesmay not reflect
"normal" term pregnant conditions. Similar to other collagenous soft tissues, the mechanical response of
NP and pregnant cervix is anisotropic, inhomogeneous, nonlinear in its tension-compression response and
time-dependent. At term pregnancy, the tensile stiffness of the tissue decreases by orders of magnitude [97;
98] and the hydraulic permeability of the cervix increases [99]. A comparison of tensile tests on human cervi-
cal tissue demonstrate a wide range in material properties between patients even in the NP state and many
studies are not statistically powered due to limited sample availability [100]. Therefore, continued investi-
gation is necessary to better understand the various factors involved, which are responsible for regulating
cervical mechanical properties.
There are few studies that utilize minimally invasive tools to evaluate in vivo cervical mechanical prop-
erties. An aspiration tool, which measures the deformation of external os at a given negative pressure,
demonstrated that the human cervix begins to soften in the first trimester [5]. A balloon inflation device
designed to measure pressure-diameter properties of the endocervical canal along its length in women at
early and late stages of pregnancy demonstrated a significant decrease in material properties [101][102].
The functionality of these tools to determine the material properties, however, are limited without a clear
understanding of an appropriate material model for the cervix.
1.6.2 Rodent cervix
Compared to human ex vivo tests, studies that have evaluated the mechanical function of rodent cervix,
particularly in the rat, are abundant. In their foundational study, Harkness and Harkness [31] tested the
tensile creep properties of NP and pregnant rat cervix using a tensile ring test, where two metal pins were
inserted through the two inner canals of the rat cervix. This was the first study to show that the cervical tissue
grows in size, becomes more compliant, and increases in creep response with progressing gestation. Since
then, other researchers have adapted their experimental protocol to further investigate cervical mechanical
properties in the rat.
In older publications, creep tests were conducted to evaluate the mechanical integrity of the cervix, usu-
ally with a 50 or 60g weight for 30 minutes to an hour. In these studies, the inner circumference of the
cervix is measured as a function of the distance between the two pins and the pin diameter. The "initial
circumference" was typically reported, measured as the interpolation of the linear portion of the creep curve
(time vs. inner circumference) to the y-axis when time=0 and related to ECM measurements such as col-
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lagen and water content [103; 104]. These studies were important for establishing experimental protocols
and for identifying collagen as an important contributor to cervical mechanical function, but differences in
sample size was not taken into account and therefore, the stress-strain relationship cannot be deduced. In
addition, the mechanical parameters related to ECMmeasurements were simply correlated without physical
interpretation behind the connections.
In more current studies, viscoelastic properties of the rat cervix have been measured in tension and
compression. In one study, structural tensile parameters were reported from displacement vs. load curves
to show that the rat cervix begins to soften after d15 of a 22 day gestation period. Also in this study, a quasi-
linear viscoelastic model was shown to capture the stress-relaxation response of the cervix [105]. In a sec-
ond study, rat cervices from virgin, mid-pregnancy, and 4 week postpartum mice were compressed between
two plates in unconfined compression. This study compared the proximal (internal os) and distal (external
os) parts of the cervix to show that the virgin cervix is stiffer in compression compared to mid-pregnant and
postpartum cervix and the distal portion of the cervix is stiffer compared to the proximal portion [106].
In themouse, similar experimental protocols have been utilized to determine cervical mechanical changes
with pregnancy to show that the mouse cervix begins to soften by d12 of a 18 day gestation period [41;
107]. In these studies, displacement vs. force curves are reported and stiffness is reported as the tangent
slope at the end of the loading curve. Other studies, which utilize either rat or mouse as animal models, have
utilized either creep or load-to-break protocols to study the effects of hormones, specific ECM structures,
and pharmacological treatments on cervical mechanics [33; 108; 109; 110; 111; 112; 113; 114; 115; 116;
104; 117; 118; 119; 120]. Within these studies, the reported mechanical parameters vary from creep rate,
extensibility, initial circumference, and slope, which are structural measures. In addition, a wide range of
test protocols and loading rates are utilized, making the comparisons in the mechanical parameters between
studies difficult. In all of these studies the 1-D mechanical response of deformation versus force or stress
in the loading direction is considered, making the assumption that the ring test is analogous to a uniaxial
tensile test of a the rectangular strip, and definitions of deformation and stress vary.
1.7 Conclusion: a need for a hormone-mediated material model to
characterize cervical remodeling
The dynamic and parallel changes in the hormonal environment, ECM components, and mechanical prop-
erties highlights the complex nature of cervical remodeling in pregnancy. In addition, a review of previous
studies demonstrates that multiple etiologies can lead to the same culmination of premature cervical soft-
ening and ripening, adding another layer of complexity to this already complicated problem. There is strong
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evidence both in the cervix and in other organ systems to show that hormonal levels affect components of the
ECM structure and thus mechanical properties. However, in order to uncover the physiological mechanisms
behind cervical remodeling, connections between hormones, ECM structure, and mechanical properties are
necessary. Currently, mathematical frameworks to establish these relationships are lacking such that only
qualitative comparisons can be made between studies.
In the goal to understand cervical remodeling, we propose a mathematical framework to establish quan-
titative relationships between hormone levels, ECM components, and mechanical properties. This mathe-
matical framework will be developed into an eventual predictive framework, with the capability to develop
new methods to identify and treat abnormal cervical remodeling and thus PTB and postterm pregnancies.
In addition, mathematical frameworks can help to make meaningful comparisons between mouse and hu-
man pregnancies by considering structure-function relationships independently from geometry and loading
conditions. As a starting point for the development of this framework, a solid understanding of the material
properties of the cervix and its relationships to key ECM constituents are presented here.
With the ultimate goal of a predictive, mathematical framework in mind, the main objective of this dis-
sertation work is characterize the structure (ECM)-function (mechanics) relationships of the mouse cervix
in pregnancy. The dissertation work is split into the material characterization of the cervix (Chapters 2 & 4)
and relating characteristics of key ECM constituents involved in cervical remodeling to structural mechanical
properties (Chapters 3 & 5). In this first step for characterizing cervical material property changes, we con-
sider the equilibrium osmotic swelling response (Chapter 2) and equilibrium tensile response (Chapter 4).
In the ECM characterization, we consider the relationships between the evolution of collagen crosslinks
(Chapter 3) in normal pregnancy and present data to demonstrate the role of decorin and elastic fiber struc-
ture on cervical mechanical function (Chapter 5). Chapter 5 also presents distinct roles of estrogen and
progesterone on ECM structure to elucidate the mechanisms behind hormone-mediated remodeling. In the
conclusion (Chapter 6), we present experimental time-dependent mechanical data to make suggestions for
the development a more complete material characterization of the cervix and summarize the findings from
this dissertation work within the context of a hormone-mediated material model to make recommendations
for future directions.
CHAPTER 2. OSMOTIC SWELLING PROPERTIES OF MOUSE CERVIX IN NORMAL PREGNANCY
AND DISRUPTED PARTURITION 21
Chapter 2
Osmotic swelling properties of mouse
cervix in normal pregnancy and
disrupted parturition
This Chapter outlines the initial framework developed for determining the material properties of the mouse
cervix during pregnancy. In this study, we conducted osmotic swelling tests on nonpregnant and pregnant
whole, intact cervical tissue samples from mice with normal and disrupted parturition. We selected osmotic
swelling as our first mechanical test for several reasons. First, the experimental setup requires minimal
sample preparation, which gave us an opportunity to understand the cervical geometry. Second, during pre-
liminary tensile tests, we observed significantly more swelling of the pregnant cervix in phosphate buffered
saline compared to nonpregnant tissue. Finally, Akgul et al [95] reported a doubling in the hyaluronic acid
(HA) content in the late pregnant mouse cervix (between d15 and d18), which we hypothesized could af-
fect the osmotic swelling behavior of the tissue. For these reasons, we quantified the swelling properties
of nonpregnant and pregnant cervical tissue in solutions of varying osmolarity. Based on the evidence, we
hypothesized that this doubling of HA in combination with cervical collagen remodeling in pregnancy would
lead to an increase in swelling volume for pregnant tissue.
The anthrax toxin receptor 2 knock-out (Antxr-/-) mouse is a model of disrupted parturition, in part due
to an excessive accumulation of extracellular matrix proteins in the cervix, particularly collagen. In relation
to human pregnancy, this mouse model reflects postterm pregnancies due to a lack of adequate cervical re-
modeling. Therefore, in an effort to prevent complications that can result from abnormal cervical remodeling,
we sought to understand the relationships between cervical mechanical properties and ECM composition
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throughout pregnancy.
In this study, we determined the osmotic equilibrium swelling volumes of nonpregnant and pregnant nor-
mal wild-type and Antxr2-/- mouse cervix. We measured the mature collagen crosslink (PYD) density in
tested samples to understand the correlations between this crosslink and tissue swelling volume. Finally, a
material model for cervical tissue is presented and utilized here to analyze the osmotic loading data. The
results of this study demonstrate that: 1) normal term cervices swell significantly more than normal non-
pregnant cervices, 2) increased swelling volume is associated with lower PYD crosslink density, and 3) the
increased swelling volume in the pregnant tissue can be attributed to the dramatic collagen fiber remodeling
rather than the increase in glycosaminoglycan (GAG) content during pregnancy.
2.1 Methods
2.1.1 Disrupted parturition mouse model
The anthrax toxin receptor (ANTXR) proteins, ANTXR1 and ANTXR2, are most commonly known for their
ability to bind to anthrax toxin. These transmembrane receptors are known to bind and interact with extracel-
lular matrix (ECM) proteins [121; 34; 122; 123; 124; 125]. Young Antxr2 knockout (Antxr2-/-) mice are fertile
and are able to carry pregnancies to term. They exhibit a parturition defect, however, in which they are unable
to deliver the pups, resulting in maternal death or fetal reabsorption. The histological analysis of cervical tis-
sue from Antxr2-/- mice demonstrate an excessive accumulation of ECM proteins, in particular collagen[34;
122] compared to wild-type (WT) tissue.
2.1.2 Mouse cervix sample harvest and preparation
Mice used in these studies were from C57/BL6 strains. Mice were generated and maintained as a breeder
colony at Columbia University. Females were housed with males overnight and checked for vaginal plugs
on the following morning. The day of plug formation was counted as gestation day 0, where birth occurs in
the early morning hours of gestation day 19. All female mice in these studies were 2-6 month old and nulli-
parous. The osmotic swelling studies were conducted on approval by the Columbia University Institutional
Animal Care and Research Advisory Committee. The estrous cycle of Nonpregnant (NP) females were
monitored [126] and female mice were sacrificed at the diestrus stage. Pregnant females were sacrificed on
gestation day 12.5 (d12) and 18.5 (d18). Immediately after sacrifice, the cervix was isolated at the junction
of the uterine horns and the vaginal tissue was carefully removed to keep the cervical tissue intact. After
isolation, the cervical tissue samples were immediately frozen and kept at -80oC until the day of testing. A
total of 5 sample groups were investigated in this study: (1) WT NP, (2) WT d12, (3) WT d18, (4) Antxr2-/-
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Figure 2.1: A) Experimental setup for osmotic loading tests. Camera images of the B) internal os (on the
uterine side of the cervix) and C) along the length of the cervix samples with dimensions taken using VIC-2D.
NP, (5) Antxr2-/- d18.
2.1.3 Osmotic Loading
Osmotic loading tests were conducted on whole, intact cervical tissue based on previousmethods conducted
on cartilage [50; 82; 84], intervertebral disks[85] and brain tissue [127]. On the day of testing, frozen intact
cervices were thawed and suspended through the inner canal, and immersed in a custom built swelling
chamber (Fig. 2.1A) filled with 4000 mOsm sodium chloride (NaCl) with added 2mM ethylenediamineter-
aacetic acid (EDTA) protease inhibitor. It was previously shown that the biomechanical properties of pre-
viously frozen and fresh tissue are similar [107]. All tests were conducted at room temperature. Two CCD
cameras (Point Grey Grasshopper, GRAS-50S5M-C 75 mm, f/4 lens) were arranged perpendicular to each
other to simultaneously acquire images of the cervix during the osmotic loading tests. These images were
then used to estimate the tissue volume by idealizing the cervical geometry as a cylinder. For this study, the
geometry of the inner canal was not taken into account to calculate the total volume.
The reference geometry was determined at equilibrium (10-12 h) in the 4000 mOsm NaCl solution. This
ensured that the samples were able to completely thaw and rehydrate before testing. Samples were then
subjected to a sequence of decrease bath concentrations of c∗=2000, 1000, and 300 mOsm NaCl (all with
2mM EDTA) for 4h each while the CCD cameras acquired images every 10 mins. At the end of this load-
ing regimen, the swelling chamber was filled again with 4000 mOsm NaCl with 2mM EDTA to determine if
samples returned to their reference configuration, indicating they did not sustain damage during testing. If
there was no evidence of tissue damage, samples were weighed to quantify the reference wet weight.
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Changes in the tissue geometry for each c∗ were determined using digital image correlation (DIC) using
a commercially available software (VIC-2D, Correlated Solutions, Columbia, SC) by tracking the edge dis-
placements of the cervical length and width (Fig. 2.1B,C). These displacements were confirmed with a cus-
tom MATLAB code to verify that correlation reflected the overall dimensional changes of the tissue. The final
equilibrium volume at each c∗ was normalized by the reference volume (in 4000mOsm NaCl)to calculate
the swelling volume ratio, J .
2.1.4 Constitutive model for cervical tissue
In order to explain the swelling behavior of this tissue based on evidence seen in the ECM components
in the WT and Antxr2-/- cervices, the equilibrium response of the material was modeled as a hyperelastic
material where the total stress on the material is balanced by the osmotic swelling tendencies of the GAGs
and the tensile restoring forces of a randomly oriented collagen fiber network. In this first material model for
the mouse cervical tissue, the collagen fiber network was modeled as an isotropically distributed continuous
fiber network [128; 129] and we accounted for the electrostatic charge due to the GAGs using Donnan
Equilibrium theory [130]. The Cauchy stress on the material is given by:






where I is the identity tensor, Fs is the deformation gradient of the solid given by the standard definition
derived from the motion of the material from the reference to the deformed configuration, J = detFs is the
Jacobian of the solid and Ψsr is the Helmholtz free energy density of the hyperleastic solid material, in this
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where R = 8.314×10−6 [N·mm/mol·K] is the universal gas constant, T is the absolute temperature, cF is the
fixed charge density (FCD) arising from the GAGs fixed to the solid collagen network (charges per volume of
interstitial fluid in [mEq/L]) in the current configuration, and c∗ [nmol] is the salt concentration in the external






J − 1 + φwr
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where cFr is the FCD in the undeformed reference configuration, evaluated at the highest c
∗ of 4000 [mOsm]
NaCl. Here, zCS/DS = −2 and zHA = −1 are the charge numbers of the sulfated GAGs (chondroitin sulfate
(CS) and dermatan sulfate (DS)) and hyaluronic acid (HA) respectively. c
CS/DS
r and cHAr are the reference
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concentrations of GAGs [mol/L], which are based on values published by Akgul et al. [95]. In this study,
we assume that the GAG values are the same between WT and Antxr2-/- animals. cF is the fixed charge
density in the current configuration and φwr is the reference water volume content. Utilizing the assumption
of intrinsic incompressibility of each constituent, the volume fraction and mass fraction are interchangeable.
Therefore, φwr represents the tissue hydration in the reference state.
The osmotic swelling tendencies of the negatively charged GAGs are counterbalanced by the tensile
forces on the collagen fiber network. Here, we model this collagen fiber network as a randomly and contin-
uously distributed fiber network, where the total stress on the network is derived from integrating the total







H(In − 1)Ψfiberr (In) sinφdφdθ (2.5)
where the Heaviside step function H ensures that the fibers only contribute when pulled in tension (In > 1),
[θ, φ] are the polar and azimuthal angles in a spherical coordinate system, and Ψfiberr is the strain energy
density of a collagen fiber bundle. In = n0 ·Cs ·n0 is the square of the fiber stretch, where n0 = cos θ sinφe1+
sin θ sinφe2 + cosφe3 in a local Cartesian basis {e1, e2, e3}.
To describe the stress-strain relationships of a collagen fiber bundle (a bundle of collagen fibrils), we
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Note here that this form of Ψfiberr differs from the one used later for the model used to analyze tensile
equilibrium property analysis (Chapter 4) by a factor of 1/2. Here, ξ represents the stiffness of the individual
fiber bundle and β is a unit less stiffening factor, which controls the J-curve shape of the stress-strain curve.
In this initial analysis, β is prescribed to be 3 and the fibers are initially randomly oriented in the reference




∗, β, ξ]. Here, the reference FCD, cF4 is calculated based on GAG measurements from Akgul et
al. [95] (Tables 2.1,2.2), φwr is experimentally determined, c
∗ is an experimentally set parameter, and β is set
at 3 such that the only parameter to be determined is ξ, the collagen fiber bundle stiffness.
2.1.5 Finite element analysis
The stress response of the cervical tissue during osmotic loading was analyzed using a representative vol-
ume element of the material presented above implemented in FEBio v1.5.2 (http://www.febio.org). The
material parameter values related to the osmotic swelling behavior [cFr , φ
w
r ] were prescribed for each gesta-
tion group [table]. Swelling was simulated in FEBio by changing the bath concentration from 4000 [mOsm]
to c∗ = 2000, 1000, 300 [mOsm] and the relative volume at each concentration was calculated based on the
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Gestation day NP d12 d18
β 3 3 3
cFr [mEq/L] -8 -8 -10
c∗ [mOsm] (4000, 2000, 1000, 300)
φwr 0.74 0.76 0.8
Table 2.1: Input parameter values for each gestation day used for osmotic swelling FEA. Values were
assumed to be conserved between WT and Antxr2-/- cervices.
Gestation day NP d12 d18
CS/DS [nmol/mg dry weight] 7.0 ± 0.5 10.0 ± 1.5 10.0 ± 1.5
HA [nmol/mg dry weight] 7.4 ± 2.0 5.0 ± 1.0 24.6 ± 6.0
c
CS/DS
r [mmol/L] 2.46 ± 0.18 3.16 ± 0.47 2.35 ± 0.35
cHAr [mmol/L] 2.60 ± 0.70 1.58 ± 0.32 5.77 ± 1.41
Table 2.2: Table of sulfated and non-sulfated glycosaminoglycan contents from Akugl et al. [95] and
concentrations calculated to determine fixed charge density for each gestation group. Wild-type values
were used for gestation matched Antxr2-/- cervix.
reference volume at c∗ = 4000 [mOsm]. The model was fit to the experimental average relative equilibrium
swelling volume at each concentration by adjusting the value of the fiber stiffness ξ (β = 3 for all groups
in this analysis) such that the differences between the model predictions and data were minimized. The
coefficient of determination (r2) values were calculated for each fit (one for each sample group) and the
values of ξ that maximized the r2 value were determined to be the best fit values.
2.1.6 Collagen crosslink analysis
After osmotic loading, samples were equilibrated in 0.15M NaCl, lyophilized and weighed to determine
dry weights. Dehydrated samples were reduced in sodium borohydride (NaBH4), and hydrolyzed in 12N
hydrochloric acid in vaccuo at 110oC for 18-24 h. They hydrolysate was lyophilized and resuspended in hep-
taflurobutyric acid (HFBA) buffer. These samples were subjected to ultra performance liquid chromatography-
electrospray ionization tandem mass spectrometry (UPLC-ESI-MS/MS) to determine the contents of the in-
termolecular collagen crosslinks pyridinoline (PYD) and dexoypyridinoline (DPD), and hydroxyproline (OHP)
using a method adapted from Refs. [51; 131; 132; 133]. This method, which consists of two sequential
UPLC-ESI-MS/MS assays is able to measure the PYD, DPD, and OHP along with other divalent crosslinks
dihydroxylysionorleucine (DHLNL) and hydroxylysinonorleucine (HLNL) as well as the advanced glycation
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end product pentosidine (PEN). DHLNL, HLNL, and PEN measurements are reported here. DHLNL and
HLNL measurements for normal pregnancy are presented in Chapter 3. The sample pretreatment without
a reduction step in NaBH4 precluded the measurement of the divalent crosslinks DHLNL and HLNL. Mea-
surements and analysis of the divalent crosslinks in the cervix were included in a later study, outlined in
Chapter 3. The details of the UPLC-ESI-MS/MS methodology are described in more detail in Chapter 3
and AppendixA. To calculate the collagen crosslink density, the total collagen content was calculated by
assuming 14% OHP content per collagen by weight. The crosslink density was then calculated by dividing
the concentration of PYD by the concentration of collagen on a mol to mol basis.
2.2 Results
2.2.1 Osmotic Loading
All samples increased in swelling volume with decreasing bath concentration (Fig. 2.2A, symbols). For
normal remodeling (WT), there was an increase in swelling volume with progressing gestation. These dif-
ferences were significantly greater for the WT d18 cervices compared to WT d12 and WT NP samples for
all three bath concentrations c∗ =2000, 1000, 300 [mOsm] (p < 0.03). For disrupted remodeling in the
Antxr2-/- mouse, there were no significant differences in swelling volume with gestation in any of the bath
concentrations.
2.2.2 Finite element analysis (FEA)
The proposed constitutive model (Section 2.1.4) was able to predict the general trend of increasing swelling
behavior with decreasing bath concentration, but did not satisfactorily capture the experimental data (r2=0.65-0.74),
(Fig. 2.2, lines). For normal remodeling, the best fit fiber modulus, ξ, values decreased with gestation from
1.6 to 0.06 [kPa] while in disrupted remodeling, ξ only decreased from 2.7 to 0.6 [kPa].
2.2.3 Collagen crosslink density
All samples contained detectable levels of PYD and trace or no amounts of DPD. There was a significant
decrease in PYD crosslink density with progressing gestation in normal mice (WT) with significant differences
detectable at WT d18 compared to WT NP and WT d12 (Fig. 2.3). For disrupted remodeling (Antxr2-/-),
there was only a slight decrease in PYD density with progressing gestation. The trends of PYD density
was inversely correlated with equilibrium relative swelling volume in 300 [mOsm] NaCl, where tissues with
a reduced collagen crosslink density was associated with increased swelling volume (Fig. 2.4).
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Figure 2.2: Normal pregnant cervices swell significantly more compared to nonpregnant cervices. Equilib-
rium swelling volume with bath osmolarity measured experimentally for nonpregnant and pregnant cervices
from mice with normal (blue symbols) and disrupted parturition (red symbols). Error bars represent one
standard deviation. * represents statistical significance for WT d18 compared to all other groups (n=3 per
group, p <0.05). Lines represent best fit finite element model fits to the averaged data from each group.
2.3 Discussion
The main objectives of this study were to: 1) investigate the osmotic swelling behavior of cervical tissue in
normal and disrupted parturition, 2) evaluate how crosslink density correlates to mechanical properties of
the cervix. The experimental results from this study show that during normal pregnancy in the WT mice, the
cervix softens, which is evident by the significant increase in swelling volume during osmotic loading without
a significant increase in the tissue FCD. This softening trend correlated with a decrease in PYD density,
suggesting that a less crosslinked collagen fibers leads to a more compliant collagen network, leading to an
overall softening of the cervical tissue. In the disrupted parturition Antxr2-/- mice, the cervix does not un-
dergo significant softening with progressing gestation, evident by the lack of significant increase in swelling
volume between Antxr2-/-NP and Antxr2-/-d18 cervices. In addition, there was no significant difference be-
tween PYD density between the two groups. These results suggest that in the Antxr2-/- mice, the cervix
does not undergo the normal breakdown of collagen crosslinks associated with normal remodeling and as
a result, the cervix does not soften appropriately during pregnancy.
This investigation with the Antxr2-/- mouse highlights the importance of collagen remodeling and the re-
duction of mature collagen crosslinks for a successful parturition. In the disrupted parturition mouse model,
the collagen crosslink density in the cervix did not significantly decrease with progressing gestation due to
a block in matrix metalloproteinase (MMP) activity [34]. Therefore, these results suggest that MMP activity
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Figure 2.3: Pyridinoline (PYD) collagen crosslink density in the cervix decreases in normal pregnancy, but
not in disrupted parturition. Averaged ratio of PYD to collagen content on a mol to mol basis. Error bars
represent one standard deviation. * indicates statistical significance between bracketed groups (n=3 per
group, p <0.05).






































Figure 2.4: Active remodeling in normal pregnancy is characterized by a decrease in crosslink density
and increase in swelling volume. Relative equilibrium swelling volume at 300 mOsm NaCl versus PYD
collagen crosslink density. A shift from the lower right hand corner to the upper left hand corner indicates
active cervical remodeling, characterized by an increase in swelling volume and decrease in PYD collagen
crosslink density. Cervices fromWT mice exhibited active remodeling, whereas the Antxr2-/- specimens did
not. Error bars indicate one standard deviation.
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and the breakdown of mature crosslinked collagens are essential for normal cervical remodeling, softening,
and parturition.
Cervical FCDs at all stages of pregnancy are relatively low compared to other load bearing connective
tissues such as cartilage, which carry high FCD values ranging from -50 to -300 mEq/L. The lower FCD
values are due to the comparatively low sulfated GAG values in the cervix. In addition, the only significant
change in the GAGs during pregnancy is the doubling of the non sGAGHA at the end of pregnancy (between
d15 and d18 in the mouse) along with increase in hydration, the over FCD does not change significantly
at any stage of a mouse pregnancy. In addition, the proteoglycan expressed in the cervix are mostly small
lecuine rich proteoglycans (SLRPs), which only carry a few GAG chains on its protein core. SLRPs are
known to have a role in collagen fibril organization and elastogenesis. Therefore, we hypothesize that the
proteoglycans and GAGs in the cervix have a role in organizing the collagen and elastic fibers in the cervix,
rather than a structural role as they do in other connective tissues, such as cartilage.
The continuous fiber distribution model utilized here has been shown to predict many observe phenom-
ena for cartilage, including osmotic swelling, tension-compression nonlinearity, and Poisson's effects [128].
In this study, we attempted to capture the swelling behavior of cervical tissue by accounting for the swelling
tendencies of the GAGs and the counteracting tension of the collagen fibers. We implemented GAG values
found in literature [95] into our finite element model and optimized the value of the collagen fiber modulus, ξ
to match the swelling data.
The material model implemented in our FEA shows that for the given changes in FCD, the collagen fibers
must remodel, or weaken, to allow for the observed increase in swelling volume with progressing gestation.
Using a sensitivity study, we observed that even if the GAG content was off by 2 standard deviations of the
reported values, this variance could not account for the observed volume change in the WT pregnant tissue.
If we increase the reported FCD by 2 standard deviations while keeping ξ fixed at WT d12 values, could only
account for a 2% increase in swelling volume at the lowest bath concentration of 300 [mOsm] (double check).
The proposed model, however, does not accurately reflect the equilibrium swelling behavior of the cervix
throughout the various bath concentrations. Therefore, the data can serve as a basis for the hypothesis that
the changes in swelling response is mostly due to the weakening of the solid component - specifically the
collagen fiber network, and not the increase in FCD. This hypothesis is supported by our collagen crosslink
data, where the PYD crosslink density decreased with progressing gestation in the WT cervix, but not in
the Antxr2-/- cervix. Additional mechanical testing of tensile equilibrium and an improvement to the material
model for the cervix are presented in Chapter 4.
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2.3.1 Limitations and Considerations
The experimental results presented here are part of a necessary step to determine the material properties
of the cervix during pregnancy and to develop an appropriate constitutive model for the cervix. There are,
however, limitations to this study outlined in this Chapter. The sample groups in this study only include three
gestation time points for normal remodeling. Additional gestation time point swelling data are presented in
the next Chapter 4. Second, the sample size of n = 3 for the osmotic loading tests is small. This sample size
revealed statistically significant differences in the swelling behavior for the WT d18 samples compared to
WT NP and d12 samples, further testing could potentially reveal significant differences between WT NP and
WT d12 cervices. Finally, the overall geometry of the cervix was estimated by idealizing the geometry of the
cervix as shown in Fig. 2.1B&C. The actual geometry of the cervix is complex with geometric irregularities,
including varying diameters between the internal and external os and nonuniform bulges inside the tissue.
An improvement to the geometry measurement is also presented in the next Chapter 4. In addition, the DIC
techniques utilized here are based on a 2-D analysis, which assumes negligible out of plane motion.
Thematerial model presented here is a necessary initial formulation used to interpret the data. Themodel
used here is based on a randomly oriented fiber model, despite the anisotropic zones of circumferential and
longitudinal collagen fibers in the cervix. We rationalize that an isotropic fiber distribution represents a
homogenization of these two zones of fibers when considering the entire tissue for this study.The model fits
presented here have r2 values between 0.65 and 0.74. This disagreement could be due to several factors.
First, the experimental volume measurements are based on an overall and simplified volume change, which
can lead to measurement error. Second, the FEA uses a representative material element of the cervix,
after normalizing by the geometry. This model assumes homogeneous deformation throughout the cervical
tissue. Since biological tissues are inherently inhomogeneous, nonuniform deformations could contribute
to the disagreements between the model and experimental data. Third, the FCD values for the samples are
based on the GAG measurements, not a direct measure of the negative charge of the tissue. To address
some of these limitations and to validate the proposed model, additional tensile equilibrium mechanical tests
were conducted and analyzed in (Chapter 4).
2.4 Conclusions
This Chapter outlines the initial combined experimental and modeling framework for studying normal and ab-
normal cervical remodeling. The relationship between the mechanical swelling behavior and PYD crosslink
density is quantified. The results presented in this study show that osmotic loading can be used to measure
differences in the mechanical response of tissue between normal nonpregnant and pregnant mouse cervix
samples. Our experimental data demonstrate that cervical softening during normal pregnancy correlates
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with a decrease in the PYD crosslink density and when remodeling is disrupted due to an Antxr2 deficiency,
the resulting lack of PYD breakdown leads to a disruption in cervical softening during pregnancy and a lack
of parturition. Our modeling results demonstrate that the increase in swelling volume for the normal term
pregnant samples compared to the NP samples can be attributed to the decrease in fiber stiffness and not
to the increase in fluid pressure due to an increase in FCD. The decrease in PYD crosslink density in preg-
nancy led us to a hypothesis that collagen remodeling during pregnancy is in part due to changes in the
collagen crosslinks, specifically the replacement of mature highly crosslinked collagens by immature less
crosslinked collagens. In Chapter 3, we explore this hypothesis by measuring both immature and mature
collagen crosslinks in the cervix during normal parturition. In Chapter 4, tensile equilibrium data is presented,
where the cervical samples are tested in large deformation. Also in Chapter 4, the swelling protocol and data
presented here is used to determine cervical material properties for an improved material model.
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Chapter 3
Collagen crosslinks in cervical tissue
and corresponding mechanical
properties in the mouse during normal
pregnancy
This chapter investigates the mechanical role of collagen crosslinks in normal mouse cervical remodeling.
The extensive remodeling of cervical collagens during pregnancy [45; 66; 65; 39] have been hypothesized
to be driven by the replacement of mature crosslinked collagens by immature less crosslinked collagens.
To investigate this hypothesis, tensile load-to-break tests were conducted for nonpregnant and pregnant
gestation day 6, 12, 15, 18, and 24 hr postpartum mice. Following mechanical testing, total immature
(HLNL+DHLNL) and total mature (PYD+DPD) crosslink densities (per total collagen) in the cervix were
measured using ultra performance liquid chromatography-electrospray ionization tandem mass spectrome-
try (UPLC-ESI-MS/MS).
During a normal mouse pregnancy, the total immature crosslink density did not change significantly,
while total mature crosslink density decreased significantly in the earlier stages of softening (between d6
and d15). These trends led to a significant decrease in the maturity ratio (total mature crosslinks/total im-
mature crosslinks) from d6 to d15, but not between d15 and d18. All of the measured crosslinks correlated
significantly with a measure of structural stiffness and strength, with the exception of HLNL. The data pre-
sented in this study provide quantitative evidence to support the hypothesis of collagen turnover, where
mature crosslinked collagens are replaced by weaker immature collagens for facilitating increased tissue
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compliance in the early stages of softening between d6 and d15 in the mouse.
3.1 Methods
3.1.1 Mouse cervical samples
Mice used were from Black 6/129 SvEv strain for this study. These mice were generated and maintained
as a breeder colony at the University of Texas Southwestern Medical Center. Female mice were housed
overnight with males and checked for vaginal plugs the following morning, where the day of plug formation
was counted as gestation day (d) 0. In these mice, birth occurs on the morning of d19. Samples were
collected midday except for gestation day 18 (d18), which were collected on the evening of d18 between
1800-2000. All mice were nulliparous between 3-6 months old. All studies were conducted on approval
by the University of Texas Southwestern Medical Center Institutional Animal Care and Research Advisory
Committee. Animals were anesthetized with Avertin and sacrificed via cervical dislocation. Reproductive
tracts were collected from nonpregnant (NP, not cycled) gestation day 6, 12, 15, 18, and 24 hr postpartum
(PP) mice and immediately frozen (n=3 to 8 per gestation group). Reproductive tracts were shipped on dry
ice to Columbia University, where they were stored at -80oC until mechanical testing.
3.1.2 Mechanical testing
To investigate the correlation between tensile mechanical properties and intermolecular collagen crosslinks,
tensile tests were conducted on cervical samples and its structural responses were analyzed. For this set
of mechanical tests, the vaginal wall was kept attached for consistency purposes. A cut perpendicular to
the loading axis was made on the vaginal wall such that the load was carried by the cervix (FIG). Frozen
samples were thawed in PBS for 4 mins and the cervical tissue was detached from the junction of the uterine
horns (Fig. 3.1A). Two surgical sutures (Perma-Hand Silk, 2-0, Ethicon) presoaked in PBS for at least 30
mins were passed through the inner canal of the cervix. The undeformed width and length of the cervix was
measured under a dissecting microscope (Fig. 3.1B,C). Two knots were made at designated distances from
the cervical sample as shown and the furthermost knots were clamped within custom tensile grips. This
assembly was immersed within an environmental chamber filled with PBS and positioned onto a universal
testing machine (Model 5948, MicroTester, Instron, 50N load cell).
After allowing the sample to rest for about a minute, the samples were subjected to a small preload
of 0.006 [N] (<0.5% of maximum load). The samples were then immediately pulled apart in tension at a
constant rate of 0.1 [mm/s] until break, while continuously recording time [s], displacement [mm], and force
[N]. Stress [kPa] was calculated by normalizing the force by the undeformed cross-sectional area (width
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Figure 3.1: Mechanical testing for cervical samples. A) Diagram of the female mouse reproductive tract.
Mechanically tested samples were cut at the cutline indicated with the vaginal wall attached. Camera images
of sutured cervical samples for tensile testing demonstrating measured geometry B) looking at external os
of cervix with width measurement and C) looking along the length of the cervix and length measurement. D)
Diagram demonstrating mechanical property parameters calculated for each sample. x indicates the break-
ing point where the sudden drop in load indicated failed sample. E) Diagram demonstrating circumferentially
oriented fibers and loading direction parallel to fibers.
times length, Table 3.1). A loading curve for each sample was generated as a plot between displacement
[mm] vs. stress [kPa]. These loading curves were assessed to determine the initial slope [kPa/mm], final
slope [kPa/mm], and breaking strength [kPa] (Fig. 3.1D). After mechanical testing, cervical samples were
stored at -80oC until processing for crosslink analysis.
3.1.3 Sample preparation for collagen crosslink analysis
The sample preparation is similar to the methods presented in Section 2.1.6. Briefly, vaginal tissues were
trimmed off of mechanically tested cervices. Samples were then flash frozen in liquid nitrogen, lyophilized
and weighed to determine its dry weight. Sodium borohydride (NaBH4) was added to each sample as a
reduction step for measuring the divalent crosslinks (HLNL and DHLNL). Samples were treated with acetic
acid and brought to pH 4 to stop the reduction reaction, washed with distilled water, and hydrolyzed un-
der vacuum with 6N hydrochloric acid (HCl) at 110oC overnight (for 18-24 hours). The hydrolysate from
each sample was resuspended in heptafluorobutyric acid (HFBA), frozen and lyophilized overnight. The
reduced, hydrolyzed, lyophilized samples were resuspended in 20µL deionized water and transferred to the
Biomarkers Core Lab of the Irving Institute for Clinical and Translational Research for ultra performance
liquid chromatography-electrospray ionization tandem mass spectroscopy (UPLC-ESI-MS/MS). The details
of the ULPLC-ESI-MS/MS methods are included in the appendix (AppendixA).
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Gestation day width [mm] length [mm]
NP 1.89 ± 0.41 2.48 ± 0.35
d6 1.60 ± 0.90 1.92 ± 1.07
d12 2.38 ± 0.40 2.70 ± 0.33
d15 2.72 ± 0.36 * ** 2.89 ± 0.59
d18 3.67 ± 0.38 * ** *** 3.97 ± 0.00 †
PP 3.31 ± 0.23 * ** 3.70 ± 0.23 * **
Table 3.1: Sample dimensions for each gestation group in a normal mouse pregnancy. *, **, *** represents
statically significant difference compared to NP, d6, and d12 respectively. represents statically significant
difference compared to all other groups.
3.1.4 Calculations of collagen crosslink densities and collagen content
Total collagen content for each sample was determined by assuming 14% OHP content per collagen by
weight, then normalized by the tissue dry weight [mg collagen/mg dry weight]. Collagen crosslink density
was calculated by dividing the concentrations of HLNL, DHLNL, PYD, and DPD by the concentrations of
collagen on a mole to mole basis [mol crosslink/mol collagen]. The total immature crosslink density was
calculated as the sum of HLNL and DHLNL densities. The total mature crosslink density was calculated as
the sum of PYD and DPD densities. The maturity ratio was calculated as the ratio of total mature crosslinks
(PYD+DPD) to total immature crosslinks (HLNL+DHLNL).
3.2 Results
3.2.1 Tensile structural properties
The tensile mechanical response of the cervix changed drastically from a stiff structure into a compliant
structure as pregnancy progressed (Fig. 3.2), consistent with previous studies [107]. On average, the initial
stiffness (slope of the line fit to the initial linear region of the loading curve) decreased gradually without
significant difference between groups. The final stiffness (slope of the line fit to the linear region of the
loading curve before breaking) and the ultimate stress (maximum stress sustained by the tissue before
breaking) increased significantly from NP to d6, decreased significantly from d6 to d12 and continued to
decrease until d18 (Fig. 3.2, Table 3.2).
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Figure 3.2: Cervical mechanical stiffness and strength decreases with progressing gestation. Represen-
tative displacement vs. stress curves for normal mouse cervix with progressing gestation and 24 hours
postpartum with each color representing each gestation day group. Legend: NP-blue, d6-green, d12-cyan,
d15-magenta, d18-black, 24hPP-red.
Gestation day initial stiffness [kPa/mm] final stiffness [kPa/mm] Tissue strength [kPa]
NP (n=8) 10.13 ± 10.00 229.74 ± 133.20** 304.83 ±167.77**
d6 (n=6) 8.60 ± 6.06 446.99 ± 134.76 † 477.07 ± 165.81 †
d12 (n=6) 4.23 ± 2.25 89.50 ± 30.46** 114.34 ± 41.07**
d15 (n=8) 2.87±1.75 61.29±31.09* ** 87.11±46.40* **
d18 (n=5) 0.95±0.20 25.26±6.34* ** 43.69±8.54* **
PP (n=3) 1.44±0.28 52.53±30.17* ** 81.42±47.78**
Table 3.2: Table of mechanical properties calculated frommechanical tests (Fig. 3.2). Average values± one
standard deviation. * and ** represents statically significant difference compared to NP and d6 respectively.
represents statically significant difference compared to all other groups.
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3.2.2 Collagen crosslink densities
Immature crosslinks remained unchanged while mature crosslinks decreased during the early softening
stage (from d6 to d12 to d15). Total immature crosslink density ((HLNL+DHLNL):Collagen) increased from
NP to d6, but not significantly (NP: 0.31 to d6: 0.51) and decreased between d12 and d15, but not signif-
icantly (d12: 0.59 to d15: 0.36). At d15, d18, and PP the total immature crosslink density values (range:
0.36-0.49) were not significantly different from NP levels (0.31) (Fig. 3.3A). Total mature crosslink density
((DPD+PYD):Collagen) increase from NP to d6, but not significantly (NP: 0.069, d6:0.17) and decreased
significantly from d6 (0.17) to d12 (0.097) to d15 (0.026) and did not decrease between d15 and d18. Total
mature crosslink density levels at d15 and d18 range:0.026-0.028) were significantly lower compared to NP
levels (0.069) (Fig. 3.3B).
There were no significant differences in the maturity ratio between NP (0.18) and d6 (0.20) (Fig. 3.3C).
There was a significant drop in the maturity ratio from d12 (0.16) to d15 (0.074), indicating a shift to less
crosslinked, immature collagens by d15 (Fig. 3.3C). The maturity ratio from d15 and d18 were significantly
lower compared to NP levels. There were no significant differences in the collagen content between all
gestation groups (Fig. 3.3D), indicating that the total collagen content (per dry weight) does not change
throughout pregnancy in agreement with previous studies [39; 45; 41].
To understand the contributions of HLNL, DHLNL, DPD, and PYD to the total immature and total mature
crosslinks during pregnancy, the ratio of HLNL to the total immature crosslink density and the ratio of PYD to
the total mature crosslink density were calculated (Fig. 3.4). The contributions of HLNL and DHLNL on the
total immature crosslink density reversed in pregnancy, while PYD and DPD ratios remained steady through-
out gestation. There was a shift from DHLNL dominance in NP and d6 samples of total immature crosslink
density (HLNL: 22-24% vs DHLNL: 76-78%) to even ratios of HLNL and DHLNL at d12, HLNL dominance
in d15 (HLNL: 60% vs DHLNL: 40%), back to even ratios in d18 and PP. For the mature crosslinks, PYD
remained dominant over DPD throughout pregnancy (DPD: 4-9% vs. PYD: 91%-96%).
3.2.3 Relationships between collagen crosslink densities and mechanical proper-
ties
Collagen crosslink densities (DHLNL, DPD, PYD) and maturity ratio correlated significantly with tissue ten-
sile mechanical properties. A simple linear regression model was fit to the data with each crosslink density
as the explanatory variable. For immature crosslinks, there was no significant correlation between HLNL
crosslink density with initial and final stiffnesses (Fig. 3.5A,B). HLNL crosslink density was negatively cor-
related to ultimate strength (Fig. 3.5C). DHLNL crosslink density was significantly and positively correlated
to final stiffness and ultimate strength (Fig. 3.5E,F, p < 0.002). For mature crosslinks, both DPD and PYD
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Figure 3.3: Collagen crosslink densities increase in early pregnancy and decrease by late gestation
(d15) leading to decreased maturity ratios in late pregnancy. Boxplots of collagen crosslink densities mea-
sured with UPLC-ESI-MS/MS in mouse cervices from normal gestation. A) total immature crosslink density
(HLNL+DHLNL), B) total mature crosslink density (DPD+PYD), C) maturity ratio (total mature crosslink den-
sity: total immature crosslink density) and D) collagen content (per dry weight). * and ** represent statistically
significant differences compared to NP and d6, respectively (one-way ANOVA p <0.05). NP=nonpregnant,
d6, d12, d15, d18 = gestation day 6, 12, 15, 18, PP=24h postpartum. Numbers on top or below boxes are
median values for each group.
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Figure 3.4: Dominance of HLNL and DHLNL on total immature crosslinks density reverse between d6
and d15. PYD remains dominant over DPD on total mature crosslink density throughout gestation. Ra-
tios of individual crosslinks to total immature and mature crosslinks: A) HLNL:(HLNL+DHLNL) and B)
PYD:(DPD+PYD). *, **, and *** represent statistically significant differences compared to NP, d6, and d12
respectively (one-way ANOVA, p <0.05). NP=nonpregnant, d6, d12, d15, d18 = gestation day 6, 12, 15,
18, PP=24h postpartum. Numbers on top or below boxes are median values for each group.
density were significantly and positively correlated with final stiffness and ultimate strength (p < 0.05). PYD
density had a stronger correlation to both mechanical properties compared to DPD (Fig. 3.6) Despite the
lack of correlation between HLNL and mechanical properties, the maturity ratio was significantly correlated
to mechanical properties. The correlation between maturity ratio and final stiffness is summarized and pre-
sented as a function of progressing gestation in Fig. 3.8 to demonstrate the evolution of the two parameters
in a normal pregnancy.
The significant correlations between crosslinks and mechanical properties presented here are in part
due to the parallel occurrence of decreasing collagen crosslinks and increasing tissue compliance across
the gestation timeline. In Fig. 3.9, we separated the scatter plot shown in Fig. 3.6B of maturity ratio vs final
stiffness between NP, d6, d12, d15 (Fig.3.9A) and d15, d18, and PP (Fig. 3.9B) and fit separate linear re-
gression models to each plot. Here we see that maturity ratio is significantly and positively correlated to final
stiffness in early softening (NP, d6, d12, d15) but not in late softening (d15, d18, PP) when separated into
these two groups. This stronger correlation in the early softening group suggests that collagen crosslinks
have a mechanical role in early softening, while their role and interactions with other ECM components in
late softening (between d15-d18 for the mouse) still remain to be determined.
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Figure 3.5: DHLNL immature crosslink density correlates with mechanical properties, but not HLNL. Scat-
ter plots showing the correlation between immature crosslink densities and mechanical properties. HLNL
density on horizontal axis versus: A) initial stiffness, B) final stiffness, and C) ultimate stress. DHLNL den-
sity on horizontal axis versus: D) initial stiffness, E) final stiffness, and F) ultimate stress. Colors of dots
represent gestation groups: NP-blue, d6-green, d12-cyan, d15-magenta, d18-black, and PP-red. Red line
represents simple linear regression line between crosslink density and each mechanical property. Dotted
lines represent 95% confidence interval. The p-values for regression analysis are listed for each correlation
with number of *'s representing significance.
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Figure 3.6: Both mature crosslink densities correlate with mechanical properties. Scatter plots showing
correlation between mature crosslink densities and mechanical properties. DPD density on the horizontal
axis versus: A) initial stiffness, B) final stiffness, and C) ultimate stress. PYD density on the horizontal
axis versus: D) initial stiffness, E) final stiffness, and F) ultimate stress. There was a stronger correlation
for PYD crosslink density with mechanical properties. Colors of dots represent gestation groups: NP-blue,
d6-green, d12-cyan, d15-magenta, d18-black, and PP-red. Red line represents simple linear regression
line between crosslink density and each mechanical property. Dotted lines represent 95% confidence in-
terval. The p-values for regression analysis are listed for each correlation with number of *'s representing
significance.
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Figure 3.7: Maturity ratio correlates with mechanical properties. Scatter plots showing correlation between
maturity ratio (DHLNL+ HLNL):(DPD+PYD) and mechanical properties. Maturity ratio on the horizontal axis
versus: A) initial stiffness, B) final stiffness, and C) ultimate stress. Colors represent gestation groups: NP-
blue, d6-green, d12-cyan, d15-magenta, d18-black, and PP-red. Red line represents simple linear regres-
sion line between crosslink density and each mechanical property. Dotted lines represent 95% confidence
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Figure 3.8: Evolution of collagen crosslinks correlate to mechanical properties in normal mouse gestation.
Plot showing the changes in both mature collagen crosslinks and mechanical properties (final stiffness) with
progressing gestation. Blue circles represent total mature crosslinks (on the left y-axis) and red x's represent
final stiffness (on the right y-axis) as a function of gestation on the x-axis.
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Figure 3.9: Significant correlations between maturity ratio and mechanical properties in early pregnancy
(NP-d15) but not in late pregnancy (d15-PP). Adaptation of Figure 3.7B. A) Maturity ratio vs final stiffness
for NP-d15, B) maturity ratio vs final stiffness for d15-PP. Colors represent gestation groups: NP-blue,
d6-green, d12-cyan, d15-magenta, d18-black, and PP-red. Red line represents simple linear regression
line between crosslink density and final stiffness. Dotted lines represent 95% confidence interval. The
p-values for regression listed for each correlation with number of * representing significance (p < 0.05).
3.3 Discussion
The objectives of this study were to determine the changes in the immature and mature collagen crosslinks
in a normal mouse pregnancy to determine its correlations to tissue mechanical properties. Both total imma-
ture and total mature crosslink densities increase in early pregnancy in the mouse (NP to d6) and decrease
between d12 and d15 (Fig. 3.3A,B). These changes lead to a significant decrease in the maturity ratio be-
tween d6 and d15 in a mouse pregnancy (Fig. 3.3C). The contributions of DHLNL and HLNL to the total
immature crosslink densities shift during pregnancy from more DHLNL compared to HLNL in NP to d6 tis-
sue, to equal levels in d12, more HLNL compared to DHLNL in d15 tissue, and even levels in d18 and
PP. PYD is dominant over DPD in contributions to the total mature crosslink density throughout gestation
(Fig. 3.4). An increase in all crosslinks with the exception of HLNL results in an increase in final stiffness
and ultimate strength (Figs. 3.5,3.6). The maturity ratio, nevertheless, correlate significantly with tissue me-
chanical properties (Fig. 3.7).
The mature crosslink density and collagen content results were in agreement with data presented in [45],
measured through high performance liquid chromatography (HPLC) methods and a standard colorimet-
ric assay respectively. The changes in the immature and mature crosslinks during cervical remodeling
lead to overall decreases in the crosslink maturity ratio during pregnancy. This shift in the maturity ratio is
quantitative evidence to support the hypothesis of collagen turnover during pregnancy from mature highly
crosslinked collagens to immature less crosslinked collagens (Fig. 3.3C). Furthermore, the correlations be-
tween crosslink densities and mechanical properties support the hypothesis that more crosslinked collagen,
especially mature crosslinks correlate with stiffer, stronger tissue properties (Figs. 3.5-3.7). Both the imma-
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ture DHLNL crosslink and mature PYD crosslink exhibit stronger correlations with mechanical properties
as evident by the smaller p-values compared to the mature DPD crosslink. These results suggest that
DHLNL and PYD crosslinks play an important role in tissue mechanical properties. Additionally, we found
that DHLNL and HLNL dominance on the total immature crosslink density changes throughout gestation.
Decreasing dominance of DHLNL density levels correlated to increasing tissue compliance.
There were stronger correlations between crosslinks versus final stiffness and ultimate stress com-
pared to initial stiffness of the tissue. These correlations suggest that crosslinks have a role in deter-
mining the stiffness and strength of fully straightened collagen fibers in the cervix. These results are
consistent with findings from studies on other collagenous tissues. One study in connective tissues in
immature bovine knee joints showed that PYD crosslink density played a preferential role over collagen
content in determining tensile stiffness for certain tissues [56]. Another study on developing embryonic
tendon showed that inhibiting LOX mediated crosslinking, which includes the crosslinks investigated in
this study, led to reduced tissue elastic modulus without affecting collagen morphology or content [47;
134]. Additionally, our results are in agreement with molecular multi-scale models of collagen fibrils, which
show that increasing collagen crosslink densities lead to fibrils with greater mechanical strength and stiff-
ness in large deformation[135]. The correlations between crosslinks and mechanical properties presented
here along with these studies suggest that intermolecular crosslinks are important in determining tissue me-
chanical properties.
The results here suggest that the breakdown of collagen crosslinks facilitate cervical softening in the
early softening stage (NP to d15), but not in the late softening stage (d15 to d18) nor ripening (Fig. 3.8).
There are no clear differences in any of the crosslinks nor maturity ratios in late softening between d15 and
d18, but there is a continuous decrease in the final stiffness and ultimate strength. Although the differences
in the mechanical parameters here are not significant between d15 and d18, the loading curves (Fig. 3.2)
and previous studies [107] demonstrate that the tissue continues to increase in compliance during this late
softening period. These results give motivation to study other matricellular proteins and ECM components
that contribute to the mechanical changes that occur during late softening and ripening.
3.3.1 Clinical Implications
The evolution of immature and mature crosslinks during normal cervical remodeling in mice was established
in this study. One of the challenges in treating premature cervical remodeling in human pregnancies is the
fact that we still do not understand the pathophysiology behind the condition. The data presented here sug-
gest that during the cervical softening phase in mice, shifts in the collagen crosslinks occur before d15. As
such, current studies are underway to evaluate if there are differences in the collagen crosslink profiles be-
tween cervical tissue from women with a history of premature cervical remodeling compared to women with
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normal cervical remodeling. This study will help elucidate if collagen crosslinks have a role in explaining the
cervical changes that occur with this condition. In addition, there are in vivo tools currently in development
to diagnose premature cervical remodeling including the collascope, which uses the fluorescence of PYD
to measure its concentration [53; 54], second harmonic endoscope, which can image the ultrastructure of
collagen [65], and Raman spectroscopy, which has the potential to detect molecular changes in the ECM
including collagen crosslinks [136; 137]. The data presented here, together with future developments in
these tools have the potential to detect premature cervical remodeling earlier in pregnancy so interventions
to prevent premature birth may be implemented. However, as this study and other studies confirm, there
does not seem to be measurable changes in the cervical collagen biochemistry in the mouse in the late
softening period. Therefore, in vivo tool development should take this into consideration when collecting
data from mice at later stages of pregnancy and in women near term. Additionally, crosslinking therapies
have been successful in treating other tissues such as keratoconus [138] and have been proposed for ten-
don [139]. Once the role of crosslinks in women with cervical insufficiency are established, an application
of these therapies has a potential to lead to a reduction in the number of preterm births due to cervical
insufficiency. There is a key relationship between cervical collagen changes and mechanical properties in
the early softening stage. If these changes can be detected somehow in human pregnancy, this finding can
lead to the development of a biomarker for early cervical softening.
3.3.2 Limitations
The study outlined here is a necessary first step in determining the evolutions of immature and mature
crosslinks in normal mouse cervical remodeling and in understanding the relationship between crosslinks
and mechanical properties. There are, however, limitations to this study. First, we calculated on average
stiffer properties for d6 samples compared to NP sample, which was not expected. This result could be due
to differences in the estrus cycle of the NP mice, which were not taken into account here. Further studies
utilizing larger sample sizes with cycled NP samples are recommended to confirm statistical significance.
Second, only gestation time points on day 6, 12, 15, and 18 were investigated in this study. The short ges-
tation timeline for the mouse provokes the relatively fast process of cervical remodeling in mice. Additional
gestational time points, especially between NP and d15 will help understand the rate of collagen turnover
during this period. Third, all crosslink measurements presented here were mechanically tested to break
before processing for UPLC-ESI-MS/MS. Since tissue samples were previously frozen at -80oC and not
metabolically active, we suspect that there are no mechanisms that occur during mechanical testing that
can alter the tissue crosslink density. Additional testing, however, are needed to validate this claim and to
confirm that mechanically testing and breaking the tissue does not alter crosslink measurements. Fourth,
the large spread in the crosslink data presented here are mostly likely due to inconsistency in removing the
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vaginal wall from mechanically tested samples. The removal of the vaginal wall from the samples was made
difficult due to the altered cervix/vaginal structure after breaking the tissue with testing. Finally, the mechan-
ical test to measure the overall structural properties but not its material properties (i.e., stress vs. cervical
opening instead of strain). Due to the small specimen dimensions, complicated geometry and complicated
nature of the ring tests conducted, material properties are difficult to measure. The non-rigid sutures used
here to test the cervices cause some lateral deformation, particularly at higher deformations. In addition,
statistically significant differences in the mechanical properties for samples between d12 to PP cannot be
detected with the structural mechanical parameters presented here. An improved testing method with a
rigorous engineering analysis method is presented in Chapter 4 to address these particular limitations.
3.4 Conclusions
This study investigated the evolution of immature and mature collagen crosslinks and its relationship to tis-
sue mechanical properties in a normal mouse to understand the potential complications resulting from an
acceleration or disruption in this dramatic transformation that occurs during pregnancy. The results pre-
sented here demonstrate that the maturity of collagen crosslinks in mouse cervical tissue shift from mature
to immature with progressing gestation, indicating a fast turnover of collagens that occur during pregnancy.
In addition, the crosslinks and maturity ratio correlate significantly with tissue mechanical properties. These
results demonstrate that in normal cervical remodeling, crosslinks have a role in the early softening process
where a reduction in mature crosslinks leads to more compliant tissue. The crosslinks, however, do not
seem to have a role in further increasing tissue compliance after d15.
The following Chapter 4 presents an improved experimental and analysis method to measure the mate-
rial property changes of the cervix as opposed to structural property changes. The methodologies outlined
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Chapter 4
Tensile equilibrium properties of the
cervix in normal mouse pregnancy
This Chapter outlines a combined experimental and modeling framework for evaluating the equilibrium ma-
terial properties of the mouse cervix in a normal pregnancy. In Chapter 2, we determined that a normal
pregnant term mouse cervix swells significantly more compared to a nonpregnant cervix. In this previous in-
vestigation, however, the deformations induced during testing were modest, particularly for the nonpregnant
cervix. In Chapter 3, we reported structural tensile properties of the mouse cervix in a normal pregnancy
and its correlations to collagen crosslink measurements. We address the limitations from this previous ten-
sile test here with an improved experimental tensile setup. An improved material model from Chapter 2 is
presented for the cervix with an additional neo-Hookean component to provide some compressive stiffness
to the material. We incorporate this model into an three dimensional inverse finite element analysis (IFEA)
framework to determine the cervical material properties. Using IFEA, the proposed model is fit to both the
previous swelling (Chapter 2) and the tensile data reported here. The model is validated with additional ex-
perimental data from the tensile tests to consider the three-dimensional deformation response of the whole
cervix.
The results of this study demonstrate that 1) the proposed material model captures the mechanical be-
havior of the mouse cervix in large deformation, 2) in normal pregnancy, the cervix begins to soften between
day 6 and 12 of a 19-day gestation period, 3) the material parameter associated with collagen fiber stiffness
decreases almost 4 orders of magnitude from 3.4MPa at gestation day 6 to 9.7e-4MPa at term, while the
ground substance stiffness decreases from 2.6e-1MPa to 7.0e-4MPa in the same time period.
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4.1 Methods
4.1.1 Mouse cervix sample harvest and preparation
Mice were housed under a 12L:12D photoperiod (lights on 0600-1800) at 22oC. Mice used in these studies
were from Black 6/129 SvEv strain. Mice were generated and maintained as a breeder colony at the Uni-
versity of Texas Southwestern Medical Center (Dallas, TX). Females were housed with males overnight and
checked for vaginal plugs on the following morning. The day of plug formation was counted as gestation
day 0, where birth occurs in the early morning hours of gestation day 19. Samples were collected at midday
except for gestation day 18, which were collected in the evening of d18, between 1800-2000. All mice in
these studies were 3-6 month old and nulliparous. Studies were conducted on approval by the University of
Texas Southwestern Medical Center Institutional Animal Care and Research Advisory Committee. Animals
were anesthetized with Avertin and sacrificed via cervical dislocation. Nonpregnant females were not cycled
in this study. Immediately after sacrifice, reproductive tracts were collected from nonpregnant and pregnant
gestation day 6, 12, 15, and 18 mice and immediately frozen. Samples were shipped to Columbia University
on dry ice and stored at -80oC until testing.
4.1.2 Tensile equilibrium mechanical testing
To determine the material response to loading of each cervical sample, tensile stress-relaxation tests were
conducted. First, frozen reproductive tracts were thawed in phosphate buffered saline (PBS) and the vagi-
nal wall was carefully detached and removed from the anterior and posterior sides of the cervix (Fig. 4.1A).
Next, the uterine horns were disconnected from the superior end of the cervix at the internal os (Fig. 4.1A).
Two surgical sutures (Perma-Hand Silk 2-0, Ethicon) were passed through the cervical canal. Sutures were
attached to custom tensile grips and tensioned (Fig. 4.1E). The tensile grips were positioned in a universal
testing machine (Instron Model 5948 MicroTester, 10N load cell, resolution 0.0025N) (Fig. 4.1B) and sam-
ples were immersed in an environmental chamber filled with PBS with 2mM ethylenediamineteraacetic acid
(EDTA) protease inhibitor to minimize degradation throughout testing. Two perpendicular CCD cameras
(Point Grey Grasshopper, GRAS 50S5M-C 75 mm, f/4 lens) were positioned to track the geometry of the
tissue (Fig. 4.1C,D). The tensile grips were adjusted such that the top and bottom sutures were as close
together as possible before testing. Cervical samples were allowed to swell to equilibrium for about 2-4
hours, determined by continuously tracking tissue geometry. After confirming swelling equilibrium, samples
were subjected to tensile testing. This process ensured that the load-relaxation response was solely due to
the tissue relaxing instead of the tissue swelling.
Because of the wide range in sample size and mechanical properties between gestation groups, the





































Figure 4.1: Experimental setup for mechanical tensile testing. A) Diagram of a female mouse reproductive
tract. The cervix was detached from the uterus at the cut line then the vaginal wall was removed. B)
Universal mechanical testing machine outfitted with a 10N load cell. Samples were submerged in a PBS
bath throughout testing while two perpendicular cameras continuously monitored sample geometry. C)
Camera 1 view of the tensile grips and internal os of the cervix. D) Camera 2 length view of the cervix
sample. E) Diagram of the custom tensile grips used for mechanical testing.
stress-relaxation loading regimens were adjusted for each group. All samples were loaded at a grip-to-grip
rate of 0.1mm/s. Nonpregnant (NP) and gestation day 6 (d6) samples were loaded to intervals of 0.5mm
grip-to-grip displacement. Each grip-to-grip displacement interval was held for 30 minutes to allow the load
to relax. Gestation day 12 (d12) samples were loaded to 0.5mm grip-to-grip intervals and each interval was
held for 60 minutes. Gestation day 15 and 18 (d15 and d18) samples were initially loaded to 1mm of grip-
to-grip displacement and displaced to subsequent 0.5mm grip-to-grip intervals. Each grip-to-grip interval
was held for 60 minutes of relaxation time. Throughout testing, images of the cervical sample was taken
to track the deformation of the tissue. All tissue samples were loaded at incremental 0.5mm intervals until
the sample broke. After testing, the CCD cameras were calibrated using a high-resolution ruler (0.4mm
resolution) to determine the pixel to mm ratio.
4.1.3 Mechanical test analysis
Weapproximated the cervical geometry as a thick walled cylinder with an elliptical cross-section. Figure 4.2A
demonstrates the parameterized geometry of the cylinder with a width [w], length [l], height [h], and thick-
ness [t]. In order to account for the compliance of the sutures, the calibrated camera images were used to
measure the cervical opening [co], defined as the suture-to-suture distance (Fig. 4.2D). We used this cervi-
cal opening measurement to define the applied deformation to the tissue instead of the grip-to-grip distance
from the universal testing machine.
CHAPTER 4. TENSILE EQUILIBRIUM PROPERTIES OF THE CERVIX IN NORMAL MOUSE
PREGNANCY 52
The average geometrical parameters [w, l, h, t] and cervical opening [co] were determined for the unde-
formed state (after swelling equilibrium in PBS) and at the end of each displacement interval using ImageJ
(http://www.imagej.nih.gov). To determine the average height [h] of the sample, a 0.2mm × 0.2mm
grid was overlaid on each image of the cervix. Multiple measurements at 0.2mm intervals were made of the
height using the grid as a guide (Fig. 4.2B). The average height [h] and standard deviation were calculated
from these measurements. The same procedure was repeated to measure the length [l] and width [w]. The
top thickness of the tissue was defined as the distance from the suture to the top edge of the tissue and the
bottom thickness of the tissue was defined as the distance from the suture to the bottom edge of the tissue.
Using the same 0.2mm× 0.2mm grid, the top and bottom thickness of the samples were measured to deter-
mine the average and standard deviations. From these camera images, we determined the cervical opening
[co] vs. width [w], cervical opening [co] vs. length [l], cervical opening [co] vs. height [h], and cervical opening
[co] vs. thickness [t] curves for each sample. Using the force data from the universal testing machine, we
generated five experimental curves per sample. The experimental dataset for this study is available at the
Columbia University Library's digital repository Academic Commons (doi:10.7916/D8DN44QW).
4.1.4 Porous fiber composite material model for cervix
To describe the material behavior of the nonpregnant and pregnant mouse cervix, we utilize a porous, fiber
composite material model, which is an improvement on the model presented in 2.1.4. The porous compo-
nent accounts for the swelling behavior due to the fluid pressure arising from the negatively charged GAGs,
which is balanced by a hyperelastic solid composed of a continuously distributed collagen fiber network
embedded in a compressible neo-Hookean ground substance. This hyperelastic solid model is based on a
material model we developed to describe the tension-compression nonlinearity in human cervical tissue [10].
For the mouse tissue, we added a charged porous component to the material to account for the swelling be-
havior we observe in a previously reported study on pregnant mouse cervical tissue [140] and as described
in Chapter 2. In this previous study, we determined that the pregnant mouse cervix swelled significantly
(30% volume change) from a hyperosmotic solution (2M NaCl) to a physiological solution (0.15M NaCl), but
the nonpregnant mouse cervix did not swell significantly (5% volume change). We hypothesized that this
significant swelling is due to the dramatic softening of the collagen fiber network that occurs during preg-
nancy, which is counteracting the swelling tendencies of the GAGs. Because this significant swelling in the
pregnant samples would introduce a pre-stretch to the soft, remodeled collagen fibers before tensile testing,
we account for the swelling in our model.
A three-dimensional map of collagen fiber directionality has not been measured for a mouse cervix
throughout pregnancy. The human cervix is known to have a band of circumferentially aligned fibers circling
around the inner canal and on the outer edges of the tissue [67; 44]. A study on the rat cervix showed a
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Figure 4.2: Measurements of cervical geometry parameters. A) Thick-walled cylinder representation of
the cervical geometry labeled with measured parameters. B) An example illustrating how the geometry
parameters (in this case the height [h]) were measured. Using a 0.2mm grid overlay as a guide, multiple
measurements were made for each geometrical parameter. The average and standard deviation for [w, l,
h, t] were determined. C-D) Camera images illustrating the average width [w], length [l], height [h], and
thickness [t]. The suture-to-suture distance was also measured to determine cervical opening [co].
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similar trend of circumferential and longitudinal fibers for a nonpregnant cervix [68]. There is evidence of a
similar circumferential band of collagen fibers in a mouse cervix in nonpregnant and early gestation day 6
tissue, but a three-dimensional map of collagen fiber directionality has not been shown[66]. Because these
zones of circumferential and longitudinal fibers have not been explicitly measured for the mouse tissue and
rationalizing that an isotropic fiber distribution represents a homogenization of the circumferentially and lon-
gitudinally aligned fibers, we utilized a randomly distributed collagen fiber network throughout the entire
tissue for this study.
In this first material modeling attempt for the mouse cervical tissue, we investigated the equilibrium ma-
terial response. We modeled the passive mechanical properties, ignoring any contributions for the possible
active contractions and we assume an affine deformation of the fibers with the whole tissue. The viscoelastic
response of the tissue is investigated in Chapter 6.1. The poroelastic nature of the tissue, collagen fiber di-
rectionality, tissue heterogeneity, and the driving mechanisms for material parameter evolution will be topics
for future modeling studies.
In this material model for the mouse cervix, the total Cauchy stress (σ) in the material is the additive
balance between the fluid pressure arising from the negatively charged GAGs (p) and the stress on the
hyperelastic fiber composite solid (σs):





where I is the identity matrix, Fs is the deformation gradient of the solid given by a standard definition
derived from the motion of the material from the reference to the deformed configuration [141], Js = detFs
is the Jacobian, and Ψsr is the Helmholtz free energy density of the hyperelastic solid material. Note that the
deformation gradient Fs and the Jacobian Js are that for the total mixture as well.
We define the reference unstressed state of the cervix at swelling equilibrium in a hypertonic bath solution
of 4000mOsm, where the negative charges of the GAGs are shielded by the excess positive charges of the
sodium, leading to a negligible fluid pressure. In this state, we assume that p ≈ 0. This assumption is based
on experimental data from cartilage, which has a much higher GAG concentration and thus fixed charge
density (FCD) compared to the cervical tissue [142]. Note that the swelling behavior described here does not
compare swelling from an in vivo state, but from a hypertonic solution to a physiological isotonic solution.
To account for the increase in volume due to swelling pressure induced by the GAG FCD (cF ) of the
tissue, we use Donnan equilibrium theory [130] to describe the charge dependent fluid pressure p as we did
previously in Chapter 2 (2.2):
p = RT
(√
(cF )2 + (2c∗)2 − 2c∗
)
(4.2)
whereR is the universal gas constant, T is the absolute temperature, cF is the FCD, and 2c∗ is the osmolarity
of the environmental bath (2c∗ = 4000 [mOsm] for 2M NaCl and 2c∗ = 300 [mOsm] for 0.15M NaCl). The
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FCD in the deformed configuration is calculated as previously shown in [140] and Chapter 2 (2.4):
cF =
φwr
J − 1 + φwr
cFr (4.3)
In this model, we calculate the reference FCD (cFr ) based on GAG measurements ([95], Table 2.2) and as
shown in eq. (2.3). The reference FCD (cFr ) values for each gestation group are listed in Table 4.1.
The fiber composite material model for the solid component is presented previously for human cervical
tissue [10]. The total Helmholtz free energy density of this solid (Psisr) is modeled as an additive contribution
from a ground substance matrix made up of proteoglycans and non-fibrous matricellular proteins (PsiGSr )
and a randomly-oriented, continuously-distributed collagen fiber network (ΨCOLr ):
Ψsr(F
s) = ΨGSr (F
s) + ΨCOLr (F
s) (4.4)
The ground substance is modeled as a standard isotropic, compressible neo-Hookean material and is a








where I1 = trC is the first invariant of the right Cauchy-Green tensor C = (F
s)TFs and µGS and λGS are
the standard lamé constants. This material model can be expressed as functions of the Young's modulus
EGS and Poisson's ratio νGS where EGS = µ
GS(3λGS+2µGS)
λGS+µGS













H(In − 1)Ψfiberr (In) sinφdφdθ (4.6)
similar to (2.5) in Chapter 2 with an added 14π factor. Here, the Heaviside step function H ensures that the
fibers only contribute when pulled in tension (In > 1), [θ,φ] are the polar and azimuthal angles in a spherical
coordinate system, and Ψfiberr is the strain energy density of a collagen fiber bundle. In = no · C · no is
the square of the fiber stretch, where no = cos θ sinφe1 + sin θ sinφe2 + cosφe3 in a local Cartesian basis
e1,e2,e3. Here, we assume a continuous spherical (isotropic) fiber distribution for the collagen fibers of the
mouse tissue.




(In − 1)β (4.7)
where ξ represents a fiber stiffness with units of stress and β > 2 is the dimensionless parameter that
controls the shape of the fiber bundle stiffness curve. Here, the fiber strain energy density is cast in a
different form than the model presented for the human cervical tissue [10] and in [140] (Chapter 2.1.4), hence
direct comparison can be made by considering the 1/β and 1/2 prefactor here with these previous models
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Table 4.1: Material parameter values used to calculate fluid pressure. Reference water volume fraction
was determined experimentally and FCD was calculated using equation (2.3) using sGAG values reported
in [95].
respectively.
In total, there are 3 parameters that determine the total fluid pressure [φwr , c
F
r , c
∗], 2 parameters related
to the ground substance [EGS , µGS ], and 2 parameters related to the collagen fiber network [β, ξ]. The
parameters [φsr, c
F
r ] related to the fluid pressure are calculated based on values from the literature and as
previously described. The bath concentration parameter [c∗] is set by the experimental conditions. This
leaves a total of 4 fitting parameters [EGS , νGS , β, ξ] to be determined in our inverse finite element analysis
(IFEA).
4.1.5 Inverse finite element analysis (IFEA)
IFEA was used to determine the best-fit material parameters for each sample. Sample specific FEA models
were generated with the open-sourced software FEBio (v.2.2.6, http://www.febio.org), and material pa-
rameter optimization was conducted using FEBio coupled with the MATLAB Optimization Toolbox (R2014b,
Natick, MA). Material parameters were optimized such that the FEA calculations matched previously re-
ported swelling data (Chapter 2, [140]) and the mechanical testing data reported in this study. All mechani-
cal test raw data for this IFEA procedure are archived at the Columbia University Library's digital repository
Academic Commons (doi:10.7916/D8DN44QW).
4.1.5.1 Sample-specific FEA
To account for geometry differences, we generated a unique FE model for each cervical sample. The
cervix was modeled as a cylinder with an elliptical cross-section with a major diameter [w], minor diame-
ter [h], length [l], and thickness [t] (Fig. 4.3A). Using symmetry and taking 1/8 of the cylindrical length [l],
the model was reduced to a 1/32 model for FEA (Fig. ). The three-dimensional geometry for each sample
was generated and meshed using hexahedral elements with Cubit (v.13.2,http://cubit.sandia.gov, Av-
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erage element size (volume) 0.00424mm3; Average number of elements - NP:91, d6:83, d12:111, d15:202,
d18:150). The generated geometry was based on the measured dimensions of the tissue in a slack posi-
tion after swelling equilibrium in 0.15M NaCl. In some of the d15 and d18 cervices, however, we observed
that the tissue samples were not deforming during the first stress-relaxation interval. Instead, the sutures
were sliding through the inner canal such that the top suture was in contact with the top part of the tissue.
In these cases, we based the generated geometry on the average measurements between the first two
stress-relaxation intervals. The generated geometries for all samples are archived at the Columbia Uni-
versity Library's digital repository Academic Commons (doi:10.7916/D8DN44QW). Based on the previous
investigation of the swelling behavior of the pregnant mouse cervical tissue ([140] Chapter 2), we considered
the unloaded reference configuration when the tissue is equilibrated in 2M NaCl.
The mesh was imported into FEBio and the proposed material model (Section 4.1.4) was assigned to
each element. The suture was modeled as a cylindrical rigid body 0.4mm in diameter. A sliding contact
interface was defined between the suture and the inner canal of the cylinder. Symmetry boundary conditions
were assigned in the x and y directions to reflect symmetry (Fig. 4.3B). One side of the cross-sectional face
was fixed in the z-direction to reflect symmetry, while a sliding-tension-compression contact was defined on
the other side with a rigid plane. This contact definition allowed the tissue to compress in length [l] with
progressing deformation (in the negative z-direction) on the same plane.
To account for the swelling of the tissue from an unstressed reference state in 2M NaCl to a swollen state
in 0.15M NaCl, we conducted a swelling pre-analysis using a single cube element (Fig. 4.4, top row). In this
swelling pre-analysis, we assigned a set of material parameter values to be simulated in the main analysis
to this cube element. In FEBio, the initial bath concentration 2c∗ was set to 4000 [mOsm] then decreased to
300 [mOsm]. This simulated the tissue swelling from a 2M NaCl hypertonic solution to a physiological 0.15M
NaCl solution. The swelling volume ratio, J0.15M = V0.15M/V2M was determined for the single element from
this pre-analysis and the scaling factor was calculated as 1/J
1/3
0.15M . Next, the original geometry of each cer-
vical sample was scaled by this factor and incorporated into the FEBio scrip for the main analysis (Fig. 4.4,
2nd row). This scaling step simulated the induced collagen fiber pre-stretch after the tissue reached swelling
equilibrium in the PBS solution.
Mechanical loading was applied to the meshed geometry in two analysis steps: 1) swelling from 2M to
0.15M NaCl and 2) tissue deformation via suture displacement (Fig. 4.4, bottom row). In the swelling step,
the bath concentration 2c∗ was linearly decreased from 4000 to 300 [mOsm]. In the second step, the suture
was displaced in the positive y direction to simulate the deformation of the tensile experiments reported here
(Section 4.1.2).
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Table 4.2: Swelling ratio from 2M to 0.15M NaCl for each gestation group. * values were reported in
Chapter 2 and in [140]. Additional samples were measured for d6 and d15 for this study using the same
protocol.
4.1.5.2 Material parameter optimization
We utilized two experimental datasets to inform the material parameter optimization: 1) the swelling dataset
[J0.15M ] from 2M to 0.15M NaCl (Table 4.2, [140]) and 2) the suture displacement (cervical opening [co]) ver-
sus the measured equilibrium force [F ] at each displacement hold of the tensile tests reported here (Fig.,
4.1.2, raw dataset doi:10.7916/D8DN44QW). We informed the model with a known FCD (Table 4.1) to calcu-
late the osmotic swelling pressure contribute per eq. (4.2) and the material parameter values [EGS , νGS , β, ξ]
were fit to the experimental data. The following optimization objective function was used with fminsearchbnd
routine in MATLAB (R2014b) available on the MathWorks File Exchange,
Fobj =










where the primed variables are the FEA model prediction. The model was validated by comparing the FEA
prediction to the experimental data of change in the geometry parameters width [w], length [l], height [h],
and thickness [t] as a function of cervical opening [co] (Fig. and raw dataset doi:10.7916/D8DN44QW).
4.1.5.3 Statistics
The quality of the material model fit to the experimental data was evaluated by calculating the goodness of
fit (r2 value) for each of the five experimental curves for each sample. Differences in the material property
parameters between gestation groups were analyzed using one way analysis of variance (ANOVA). Tukey's
honestly significant difference criterion was used with MATLAB's Statistics Toolbox (v.8.1.604) to determine
differences between any two gestation groups. Significant differences were determined for p-values less
than 0.05 for all statistical analysis.

































A Model geometry B Boundary Conditions and materials
Figure 4.3: Finite element analysis geometry and boundary conditions. A) 1/32 model based on sample
measurements and symmetry used for finite element analysis. B) Boundary conditions to reflect symmetry
and contact type used. The cervix was modeled as a porous fiber composite material and the suture was
modeled as a rigid body.
4.2 Results
4.2.1 Mechanical testing and analysis
Mouse cervical tissue dramatically softens throughout pregnancy, beginning between day 6 to 12 of a 19
day gestation time period (Fig. 4.5). By gestation day 18 (d18), the distensibility (i.e. maximum cervical
opening sustained by the tissue during stress-relaxation testing) is increased over 4-fold compared to the
nonpregnant (NP) cervix (Fig. 4.5A, Fig. 4.6D&F). For nonpregnant and all gestational time-points in preg-
nancy, the cervix exhibits a force-relaxation response to a ramp-hold in tensile displacement (Fig. 4.6A-C).
This time-dependent response is also seen in human cervical tissue in tension and compression [98; 97;
143]. After the transient force response dies away, the equilibrium force versus cervical opening response
is nonlinear (Fig. 4.5). Samples consistently failed where the thickness of the tissue was minimum rather
than at the contact between the tissue and sutures.
The equilibrium force and deformation response to tensile loading of the intact tissues span a wide
range for all samples in the nonpregnant and gestation time point groups (Figs. 4.7- 4.11, raw dataset,
doi:10.7916/D8DN44QW). This range of the data reflects variations in the tissue size among specimens
within in group. In addition, because we keep the whole cervical tissue intact, the tensile tests performed
here induced a complex combined loading state to the samples. This combined loading condition includes
swelling due to the osmotic pressure of the GAGs and the combination of unbending and axial tension due to
the displacement of the sutures (Fig. 4.12). The samples begin in their unloaded reference configuration as
thick-walled cylindrical structures in 2M NaCl, where the FCD due to the GAGs is shielded. During osmotic
loading in physiological 0.15M NaCl, the samples increase in volume while preserving their thick-walled
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Step 1: Guess [E,ν,α,β,ξ] and assign to cube Step 2: Run pre-analysis and calculate J0.15M
Step 3: Scale cylindrical geomety by (J0.15M)
1/3 and assign [E,ν,α,β,ξ]] to model
Step 4: Run analysis with scaled geometry
Reference (2M NaCl): 
4000 mOsm, J2M = 1
0.15M NaCl (1× PBS):
 J0.15M=Volume0.15M/Volume2M
[E,ν,α,β,ξ]
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0.15M model 2M model
Figure 4.4: Overview of the finite element analysis. Top row shows the single element pre-analysis to
determine J0.15M for a set of material parameters. Second row shows how the sample specific model was
scaled based on J0.15M . Bottom row shows the main analysis for the FEA.











































































Figure 4.5: Cervical tissue softens dramatically with progressing gestation while simultaneously growing.
A) Plot of cervical opening [co] versus force [F ] for whole, intact cervical tissue samples at progressive
gestational dates. plot of cervical opening [co] versus B) width [w], C) length [l], D) height [h], and E)
thickness [t]. A representative sample from each group (NP, d6, d12, d15, d18) is shown here.
shape. This swelling is observed experimentally (Table 4.2, [140]) and in our simulations (Fig. 4.12).
4.2.2 Inverse finite element analysis (IFEA)
The degree of tissue unbending during suture displacement is different for each sample because of the vari-
ations in the initial geometry. Thus, to interpret our mechanical test results, we performed sample specific
finite element analyses to determine tissue material properties. This unbending is evident in the FEA sim-
ulations by a gradient of axial stretch (in the Y-direction, Fig. 4.12) through the cross-section from the inner
canal to the outer edge of the tissue. This gradient is due to the addition of axial tensile stretch imposed
by the suture displacement. When the cervical tissue sample is cut along its length, the tissue tends to
curl up, demonstrating the natural tendency of the tissue to maintain its cylindrical shape. This observation
highlights the importance of incorporating the unbending of the tissue in our mechanical test analysis.
The porous fiber composite material model captures the whole-specimenmouse cervical multi-axial load-
ing response to tensile displacement (Figs. 4.13-4.17), where the average best-fit parameters are listen in
Table REF and quality of fits are listed in Table REF. Sample specific best-fit parameters and quality of fits
are available as part of the raw dataset (doi:10.7916/D8DN44QW). Changes to the material parameters,
and not to the material model, captures the drastic softening that occurs during pregnancy. The osmotic
pressure contribution from the charged GAGs captures the swelling behavior from the reference configura-
tion in the 2M NaCl to the physiologic conditions in 0.15M NaCl. The addition of the solid network captures
the tensile force-displacement response (Figs. 4.13-4.17A), while also capturing the deformation response
in directions orthogonal to loading (Figs. 4.13-4.17B-E).









































co = 0.9mm co = 1.5mm co = 1.7mm co = 1.4mm co = 2.7mm co = 3.6mm co = 1.3mm co = 4.3mm co = 7.2mm
A gestation day 12B gestation day 18C
D E F
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Figure 4.6: Stress-relaxation response for a representative A) Nonpregnant, B) gestation day 12, and C)
gestation day 18 samples. Symbols represent the points taken at end of each ramp-hold to generate exper-
imental equilibrium curves. Images demonstrate differences in tissue size and deformation for NP (D&G),
d12 (E&H), and d18 (F&I) and corresponding cervical opening [co] measurements. For each gestation group,
the left image shows the tissue swollen in 0.15M NaCl with no applied load, the middle image shows the
tissue halfway through the test and the right most image shows the tissue loaded at the last ramp-hold held






































































Figure 4.7: Experimental mechanical response of nonpregnant (NP) cervical tissue. A) cervical opening
vs. force, B) cervical opening vs. width, C) cervical opening vs. length, D) cervical opening vs. height, and
E) cervical opening vs. thickness. Error bars in B-D show one standard deviation of the grid measurements
(see Fig. 2B). * indicates the representative data.









































































Figure 4.8: Experimental mechanical response of gestation day 6 (d6) cervical tissue. A) cervical opening
vs. force, B) cervical opening vs. width, C) cervical opening vs. length, D) cervical opening vs. height, and
E) cervical opening vs. thickness. Error bars in B-D show one standard deviation of the grid measurements
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Figure 4.9: Experimental mechanical response of gestation day 12 (d12) cervical tissue. A) cervical opening
vs. force, B) cervical opening vs. width, C) cervical opening vs. length, D) cervical opening vs. height, and
E) cervical opening vs. thickness. Error bars in B-D show one standard deviation of the grid measurements
(see Fig. 2B). * indicates the representative data.
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Figure 4.10: Experimental mechanical response of gestation day 15 (d15) cervical tissue. A) cervical
opening vs. force, B) cervical opening vs. width, C) cervical opening vs. length, D) cervical opening vs.
height, and E) cervical opening vs. thickness. Error bars in B-D show one standard deviation of the grid
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Figure 4.11: Experimental mechanical response of gestation day 18 (d18) cervical tissue. A) cervical
opening vs. force, B) cervical opening vs. width, C) cervical opening vs. length, D) cervical opening vs.
height, and E) cervical opening vs. thickness. Error bars in B-D show one standard deviation of the grid
measurements (see Fig. 2B). * indicates the representative data.
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Figure 4.12: FEA simulations of whole tissue tension tests. Screen shots of the FEA simulation for nonpreg-
nant (top row), d12 (middle row), and d18 (bottom row) representative samples. Color contours represent
the fiber stretch in the y-direction. The first column shows the model in the reference 2M unswollen state.
The second column shows the stretch after swelling in 0.15M NaCl. Third and fourth columns show the
model midway through the deformation and at the maximum cervical opening held, respectively (same cer-
vical opening levels as shown in Figure 4.6).
The model was validated by predicting the cervical opening [co] vs. width [w], length [l], height [h], and
thickness [t] data (Figs. 4.13-4.17). Note here that the modeling assumptions require that h = co + 2t.
Both measurements of [h] and [t] are included here, however, because experimental measurements of the
thickness at the top and bottom of the cervix samples were no always equal. For all but one sample, the
model was able to predict the [co vs. w] measurements, demonstrating the ability of our model to capture
the combined loading state induced during our test. Only one sample had a negative r2 value, which is the
representative nonpregnant sample shown in Fig. 4.13B. In some of the stiffer nonpregnant and d6 sam-
ples, the model underestimated the degree of length deformation [co vs. l], indicated by low and negative r2
value (Table 4.4). This trend indicates that the tension-compression nonlinearity may be more pronounced
in these samples than what the current model is able to capture. This notion is confirmed by the better fits
for the [co vs. l] with higher average r2 values for the more compliant d12, d15, and d18 samples. The
model was able to predict both the cervical opening [co] vs. height [h] and thickness [t] curves. Similar to
the [co vs. l] curves, the model was able to better predict the more compliant pregnant d12, d15, and d18
samples, indicated by the higher r2 values for these samples.








































































Figure 4.13: Representative IFEA results for a nonpregnant (NP) cervix. Symbols represent experimental
data points (same as *'ed sample in Fig. 4.7), solid lines represent model fits, and dashed lines represent
model predictions for A) cervical opening vs. force, B) cervical opening vs. width, C) cervical opening vs.
length, D) cervical opening vs. height, and E) cervical opening vs. top and bottom thickness. Best fit model
parameters for this sample are reported as well as the r2 values for the fit and predictions.
Cervical Opening [mm] Cervical Opening [mm]
1.3 1.71.5 1.3 1.71.5
Cervical Opening [mm]
Cervical Opening [mm]
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Figure 4.14: Representative IFEA results for a gestation day 6 (d6) cervix. Symbols represent experimental
data points (same as *'ed sample in Fig. 4.8), solid lines represent model fits, and dashed lines represent
model predictions for A) cervical opening vs. force, B) cervical opening vs. width, C) cervical opening vs.
length, D) cervical opening vs. height, and E) cervical opening vs. top and bottom thickness. Best fit model
parameters for this sample are reported as well as the r2 values for the fit and predictions.
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Figure 4.15: Representative IFEA results for a gestation day 12 (d12) cervix. Symbols represent exper-
imental data points (same as *'ed sample in Fig. 4.9), solid lines represent model fits, and dashed lines
represent model predictions for A) cervical opening vs. force, B) cervical opening vs. width, C) cervical
opening vs. length, D) cervical opening vs. height, and E) cervical opening vs. top and bottom thickness.








































































Figure 4.16: Representative IFEA results for a gestation day 15 (d15) cervix. Symbols represent exper-
imental data points (same as *'ed sample in Fig. 4.10), solid lines represent model fits, and dashed lines
represent model predictions for A) cervical opening vs. force, B) cervical opening vs. width, C) cervical
opening vs. length, D) cervical opening vs. height, and E) cervical opening vs. top and bottom thickness.
Best fit model parameters for this sample are reported as well as the r2 values for the fit and predictions.







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4.17: Representative IFEA results for a gestation day 18 (d18) cervix. Symbols represent exper-
imental data points (same as *'ed sample in Fig. 4.11), solid lines represent model fits, and dashed lines
represent model predictions for A) cervical opening vs. force, B) cervical opening vs. width, C) cervical
opening vs. length, D) cervical opening vs. height, and E) cervical opening vs. top and bottom thickness.
Best fit model parameters for this sample are reported as well as the r2 values for the fit and predictions.
4.2.3 Material property changes of the cervical tissue with pregnancy
Throughout the course of a mouse pregnancy, the parameters associated with the stiffness of the colla-
gen fibers [ξ] and the ground substance [EGS ] of the cervix decreases dramatically (Table 4.3,Fig. 4.18).
The fiber stiffness decreases more than 3 orders of magnitude (NP average: ξ=0.12MPa, d18 average:
ξ=7.0e-4MPa) during gestation (Fig. 4.18). The mouse cervix does not soften within the first 6 days of
gestation. The differences in the average collagen fiber stiffness [ξ] between the nonpregnant tissue (NP
average ξ=5.0MPa) and gestation day 6 (d6 average ξ=3.4MPa) are negligible, and there is a slight in-
crease in the Young's modulus [EGS ] of the ground substance (NP average: EGS=0.12MPa, d6 average:
EGS=0.26MPa). Statistical analysis concluded that the NP collagen fiber stiffness [xi] was significantly
stiffer compared to d12, d15, and d18 values (p < 0.05).
The cervix begins to gradually soften between d6 and d12 of gestation. During this gradual softening,
both the collagen fiber stiffness [ξ] and the Young's modulus [EGS ] of the ground substance declines by
about 16% per gestation day (Table 4.3, Fig. 4.18). The mouse cervix begins to accelerate its remodeling
between gestation d12 and d18. Within this smaller time frame, the material parameters [xi] and [EGS ]
decreases at a rate of about 30% per gestation day. Between gestation d15 and d18, the collagen fiber stiff-
ness [ξ] continues to decreases by 30% per day, but the Young's modulus [EGS ] of the ground substance
slightly increases at about 37% per day. There were no obvious trends in the Poisson's ratio [νGS ] nor the
fiber stiffening parameter [β] with progressing gestation (Table 4.3).

















































Figure 4.18: Collagen fiber stiffness [ξ] and ground substance stiffness [EGS ] changes with pregnancy. Plot
demonstrating the quantitative changes in the material parameters with pregnancy on a log scale. Symbols
represent average values and shaded areas represent the range of parameters at gestation time points
determined via IFEA.
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4.3 Discussion
Quantifying the material property changes of the uterine cervix during pregnancy has been a long-standing
challenge because human tissue studies are understandably difficult. Hence, determining the contributions
of mechanical forces in premature cervical remodeling and preterm birth remain elusive. Mouse models of
pregnancy are an invaluable research tool because of the potential to investigate detailed and defined mech-
anisms of abnormal tissue remodeling. The mechanical testing of the mouse cervix, however, is challenging
because of its small volume, natural curvature, and complicated geometry. Thus, studies that distinguish
material properties from structural mechanical tests have been scarce. As a result, the utility of the estab-
lished mouse models of normal and abnormal cervical remodeling have been limited. In the study presented
here, we overcome these challenges to gain the full advantage of these mouse models of pregnancy. This
chapter presents an experimental and modeling framework to quantify the material properties of mouse cer-
vical tissue. As a first step, we investigate the equilibrium material behavior of gestation-timed tissue during
normal remodeling.
The study in Chapter 2 demonstrated that the mouse cervix swells considerably from a hyperosmotic 2M
NaCl solution to a physiological 0.15M NaCl by gestation d18, despite insignificant overall changes in the
FCD throughout pregnancy (Table 4.2, [140; 95]). These initial osmotic swelling tests provide information
on the interaction of the charged GAGs and the solid matrix, but the level of deformation during these tests
are modest, especially in the nonpregnant samples. In the study presented here, a common type of mouse
cervix mechanical test with minimal specimen preparation is performed. Whole tissue samples from wild-
type mice are pulled in tension via a ring test by pulling apart two surgical sutures through the inner canal
while the force on the sutures is measured using custom-made tensile grips attached to a universal material
test (Fig. 4.1). Tensile tests were performed on cervical samples from gestation-timed mice and cervical ma-
terial properties were quantified using an IFEA framework (Table 4.3, Fig. 4.18). The porous fiber composite
material presented here captures the cervical material response to tensile loading (Figs. 4.13-4.17), where
the decline of both the stiffness of the ground substance and individual collagen fibers begins at day 6 of a
19 day gestation period (Fig. 4.18).
The in vivo loading state of the human and mouse cervix during pregnancy is multi-axial and heteroge-
neous, with directionality and magnitude of loading dependent on numerous maternal and fetal anatomical
and structural factors [43; 2]. In human pregnancy, the magnitude of loading on the human cervix is depen-
dent on the active and passive loading from the growing contents of the amniotic sac and uterus as well as
on the material properties of the amniotic sac, uterus, and cervix. The directionality and pattern of loading is
dependent on the placement of the uterus and cervix within the abdomen and anatomical shape of the uterus
and cervix, specifically the patient-specific asymmetry of these organs [43]. A key mechanical function of
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the cervix in pregnancy is to resist hoop tensile stresses around the inner canal from compressive loads
applied by the pressurized amniotic sac. The magnitude of cervical hoop stress and stretch in pregnancy
remains to be determined. At parturition we can estimate that the inner canal, which varies considerably
from 0.1 cm to 1 cm depending on the woman's past pregnancies, must soften and stretch to accommodate
the fetal head, which on average is approximately 10 cm in diameter.
The in vivo mechanical loading state of the mouse cervix during pregnancy is currently unknown. Draw-
ing on similarities and differences in anatomy between humans and mice, we can hypothesize that the
magnitude of loading on the mouse cervix is dependent on litter size/shape and the material properties of
the soft tissues supporting the pups. We can also hypothesize that the mouse cervix experiences similar
tensile hoop stresses circling the inner canal during pregnancy from the mechanical load of the pups being
pushed longitudinally onto the cervix by the stretched uterus. At parturition the average fetal head diameter
of a pup is about 8mm [144], which translates to a circumferential opening of approximately 25mm. Based
on average tissue dimensions measured in these experiments, we estimate the average undeformed cir-
cumference of a pregnant d18 cervix to be about 9mm. Therefore, we can estimate that the circumferential
stretch of the cervix during delivery to be about 2.78. We rationalize that starting with a straight-forward me-
chanical test to examine the tensile response of the tissue in the circumferential direction interrogates the
key mechanical function of the cervix during pregnancy-resisting circumferential hoop stresses to prevent
dilation. The tensile tests, as presented here, achieve large deformations at each gestation time point in
the circumferential direction. At gestation day 18 the cervical opening during the tests reach a maximum
ramp-hold level of 7mm, which roughly translates to a circumferential opening of approximately 14mm. In
the IFEA, the average maximum right Cauchy-Green stretch in the Y-direction was 2.59 (Fig. 4.12), which
is similar to our estimate of the state of in vivo stretch during delivery of 2.78.
4.3.1 Cervical Remodeling in Pregnancy
The mouse cervix remodels considerably in pregnancy starting between gestation day 6 and 12. To accom-
modate this softening and drastic distensibility, the material parameters associated with the solid compo-
nents of the material decline (Fig. 4.18). Both the modulus associated with the collagen fiber stiffness [ξ] and
the Young's modulus of the ground substance [EGS ] decrease by multiple orders of magnitude. This evolu-
tion of cervical remodeling parameters, particularly of the fiber network, is supported by previous mechanical
and biochemical studies in both human and mice. We account for the swelling in the material model with
a charge dependent Donnan contribution to the interstitial fluid pressure. According to Donnan equilibrium
theory (Eq. 4.2), the swelling pressure does not increase significantly with gestation because the concen-
tration of the sGAGs and thus the fixed charge density (FCD) of the tissue does not change significantly.
The doubling of the HA content between d15 and d18 only accounts for an additional -3 mEq/L decrease in
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the FCD. Therefore, the increase in swelling must be accommodated by changes to the solid components
of the material.
Considering the mode of deformation of the mechanical tests presented here mostly interrogates the
tensile properties of the solid network, it follows that the large distensibility achieved by the advanced gesta-
tion cervical tissue is due to the remodeling of the solid fiber network. This idea is supported by the crosslink
density study in Chapter 3, where we see a decline in the mature collagen crosslinks starting at gestation
day 6, but there were no changes in the collagen crosslinks between d15 and d18. In human cervical tissue,
the solubility of the tissue in a dilute solution of acetic acid significantly increases from the nonpregnant state
to term, indicating a reduction in stable collagen crosslinks [39]. We can therefore conclude that the collagen
crosslinks, in part, play a key role in cervical softening during pregnancy. Continued studies are necessary
to understand other ECM constituents involved in softening, particularly in the late stage of gestation (from
d15 to d18 in the mouse) where the collagen crosslink contents remain unchanged.
4.3.2 Comparisons to Human Cervical Tissue
The ECM components in the nonpregnant cervix and measured material changes in pregnant tissue are
similar between mouse and human tissue [6; 100]. The porous fiber composite material model presented
here is an iteration of a material model developed for analyzing the equilibrium material response of ex vivo
human cervical tissue samples [10], with the addition of charged pores to account for the more pronounced
swelling of the mouse tissue. Figure 4.19 compares the material response to uniaxial tension using the ma-
terial parameters from human [10; 43] and mouse tissue. Overall, the human tissue is slightly softer than the
mouse tissue for both nonpregnant and late pregnancy time points. This difference is most likely an artifact
of using cut tissue strips for the human tissue tests as opposed to keeping the tissue intact as we do for
the mouse tissue. For these previous studies on the mechanical properties of the human cervix, we cut the
whole cervix into axial slices (from the internal os to the external os) and cut rectangular strips from these
slices. We expect that by cutting these strips, we interrupt the intact collagen fiber network, which would
reasonably reduce the fibers' ability to sustain tension. Despite this slight difference, the overall decline in
the material properties from nonpregnant to the late pregnant tissue is on the same order of magnitude. For
example, the average collagen fiber stiffness declines from 4.9MPa to 9.7e-4MPa for the mouse and from
0.68MPa to 7.4e-4MPa for the human. Note that we use a material model without a preferentially-aligned
collagen network for both human and mouse cervical tissue here.
The mouse tissue mechanical data also reflect similar softening trends as seen in in vivo investigations
of pregnant human cervical tissue [145; 101; 102]. In a balloon inflation study of the human cervix, mate-
rial properties soften between early 1st trimester (measured between 7-8 weeks of gestation) and late 3rd
trimester (measured between 38-40 weeks of gestation) [101; 102]. The authors utilize a discrete 3-fiber
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family composite material model with a standard exponential power law to model the constitutive behavior
of the collagen fiber. They found a 25 fold decrease in the stiffness modulus associated with the collagen
fiber from early to late pregnancy. There was no comparisons made between nonpregnant and 1st trimester
tissue in this study. It is, therefore, unclear if the cervix has remodeled in early pregnancy from this study.
An in vivo aspiration study of the pregnant human cervix showed that the human cervix remodels and
softens during pregnancy [145]. This aspiration tool interrogates the end of the cervix protruding into the
vaginal canal (at the external os), and cervical stiffness measurements were taken throughout pregnancy.
Aspiration data show that the human cervix begins to remodel and soften as early as the 1st trimester and
continues to decline with progressing gestation. In the mouse model for normal cervical remodeling we
see tissue softening starting at gestation day 6, which roughly translates to the end of a 1st trimester if the
gestation days are evenly divided. Unlike the human cervix, there is no softening that occurs between the
nonpregnant state and the end of the 1st trimester for the mouse. Similar to the human, however, there is
substantial remodeling in the 2nd trimester. This mid-pregnancy remodeling has been known to occur in
mice [6], and proven here with our quantitative assessment of mouse cervical remodeling. The recent in
vivo human data and the material similarities of the mouse cervix presented here confirm the utility of the
mouse model to investigate the material property changes of the cervix during pregnancy. Regardless of
the anatomical differences between mice and human tissue, the mouse tissue achieves the same level of
material remodeling and similar ECM mechanisms as seen in human tissue.
4.3.3 Porous Fiber Composite Material Model
A porous fiber composite material model with a continuously distributed collagen fiber network is able to
describe the evolution of cervical material behavior during pregnancy, with corresponding shifts in the ECM-
associated material parameters. The material model is designed to account for the collagenous nature of
the tissue and the remodeling of individual collagen fibers and the surrounding ground substance. Key
characteristics of the material model are: 1) the swelling due to the charged GAGs, 2) the rotation and
recruitment of the off-axis collagen fibers in the direction of tension, 3) the uncrimping of the individual col-
lagen fibers, and 4) the nonlinearity of the tension-compression behavior of the tissue. If we attempt to fit
a standard non-linear Veronda-Westmann material model to the data, we are able to capture the J-shaped
curve of the force vs. cervical opening data for both nonpregnant and pregnant d18 tissue, but not the
nonpregnant cervical opening vs. thickness and length changes. This is because the Veronda-Westmann
model does not account for the difference in the compressive response compared to tension (Fig. 4.20).
Since the tension-compression nonlinearity of the pregnant d18 tissue is less pronounced compared to the
nonpregnant tissue, the Veronda-Westmann model is able to cpature the force and deformation response
of the pregnant sample. Next, if we fit a material model with discrete fibers (not continuously distributed)
CHAPTER 4. TENSILE EQUILIBRIUM PROPERTIES OF THE CERVIX IN NORMAL MOUSE
PREGNANCY 76
where all of the fibers are aligned in the circumferential direction, we are able to capture the cervical opening
vs. force response (Fig. 4.20). The discrete fiber model, however, predicts that with increasing deformation,
the cylindrical length expand, which was not observed in any of our experiments. If we fit a material model
with three orthogonal discrete fibers, the expansion in the cylindrical length is less exaggerated, but still
expands with increasing deformation. One of the advantages of the continuously distributed fiber model
is its ability to capture the nonlinearity of the overall Poisson's effect between tension and compression,
where the Poisson's ratio is very small in compression and large in tension as seen experimentally seen in
cartilage [128].
4.3.4 Limitations
We determine the quantitative changes in the material properties of the mouse cervix in pregnancy. There
are, however, limitations to this study. First, the mechanical test conducted in this study imposes a complex
loading state on the whole cervix sample, which is not ideal for teasing out contributions from individual ECM
components. For a more complete material characterization of the cervical tissue, additional tests including
compression, inflation, and opening angle measurement [146; 147] tests can be conducted. Second, the
stretch states reported in this paper have not been verified via local strain measurement methods. In our
preliminary studies, we attempted utilizing a non-contact strain measurement system for the mouse tissue.
We observed in our FEA models, however, that the surface of the cylinder does not stretch significantly
before breaking in our NP and d6 samples. In addition, the late pregnant cervix develops a thick mucous
layer on the surface of the tissue, which is not easily removed without damaging the delicate tissue. We
were therefore unable to stain the tissue reliably with waterproof ink we previously used in human tissue
studies [98; 97]. Due to these difficulties, we decided that an overall geometry analysis was a good starting
point for evaluating the material property changes as reported here. Third, we approximate the whole cervix
as an ideal cylinder in this study. In reality, the cervix has a complex geometry with folds that exist in the inner
canal and various undulations in the length. For this reason, we report the average and standard deviation
for each of our geometry measurements to reflect the deviation of the actual geometry from a perfect cylinder.
Fourth, damage may be occurring at the higher cervical openings. Load-unload tests are conducted in the
next Chapter 6.1 to quantify the amount of damage and will add this feature to the material model. Fifth,
the material response during the hold portion of the force-relaxation test for the advanced gestation mouse
cervical tissue and the larger cervical openings do not reach a true equilibrium, even after an hour of holding
the displacement. Because the length of the mechanical tests were reach upwards of 10 to 12 hours, we did
not want to the tissue to degrade. We hence limited the time of hold. Finally, we use a phenomenological
strain energy density for the collagen fiber in our model. This limits our ability to directly correlate material
parameters to the microstructure and properties of the collagen fibers (i.e. collagen crosslink measurements
































EGS = 1.213e-1 [MPa], νGS=0.254
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β=2, ξ=7.440e-4 [MPa]
Figure 4.19: Comparisons between material properties of mouse and human nonpregnant and pregnant
cervix. Material parameter values for nonpregnant and pregnant mouse are based on average nonpregnant
and gestation day 18 values (Table 4.3). Nonpregnant and pregnant human values are from [10; 43]. Inset
plot demonstrates that the pregnant mouse tissue has a stiffer response compared to pregnant human
tissue.
from Chapter 3). In the next iteration of the model, a strain energy density for the fiber which accounts for
the gradual recruitment of the crimped collagen fibers should be incorporated for a more physically relevant
model [129; 148; 149]. This is further discussed in later in this dissertation (Chapter 6).
4.4 Conclusions
The experimental andmodeling study presented here tackles a long-standing challenge in understanding the
progression of material property changes in the mouse cervix from nonpregnancy to term gestation. Whole
mouse cervix samples were pulled in tension by moving apart two tensioned surgical sutures threaded
through the inner canal. Using and IFEA framework coupled with the improved material model presented in
Chapter 2, we quantitatively define the remodeling stages during pregnancy in terms of the cervical equilib-
rium material behavior (Fig. 4.18). The mechanical testing results reported here confirm previous structural
studies that the cervix remodels in stages, with gradual softening occurring between gestation d6 and d12
and an acceleration in the softening after gestation d12. These results provide a framework to tease out the
contributions of the cervical ECM in the remodeling events during pregnancy.
In Chapter 6, we provide some analysis of the time-dependent response from the experimental data pre-






































































































































Don+NH+discrete ber (3 orthog)
Don+Veronda-Westmann
Figure 4.20: Comparisons between proposed material model, Veronda-Westmann, and discrete fiber mod-
els. A porous fiber composite model with a continuously distributed fiber network simultaneously captures
the force-displacement data. A Veronda-Westmann model is able to capture the force-displacement data,
but overestimates the compressive response (length and thickness) due to the lack of tension-compression
nonlinearity response. A material model with discrete fibers arranged circumferentially is able to capture the
force-displacement data, but predicts length expansion with increasing deformation. A material model with
three orthogonal discrete fibers lessens this length expansion, but still does not capture the experimental
data.
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sented here. Based on the analysis recommended future directions towards incorporating a time-dependent
viscoelastic component to the material model is suggested. Additionally, preliminary studies applying the ex-
perimental setup presented here are utilized for evaluating viscoelastic responses of cervices from induced
preterm birth (PTB) mouse models.
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Chapter 5
The effects of decorin and steroid
hormones on cervical mechanical
properties
This section outlines a further investigation of key ECM-mechanical function relationships involved in preg-
nancy, as well as the role of steroid hormones on cervical remodeling. In the studies presented here, mice
deficient in the small proteoglycan, decorin (Dcn-/-) are utilized and studied in collaboration with the Mahen-
droo Lab at University of Texas Southwestern Medical Center. Through tensile mechanical tests on normal
and Dcn-/- mouse cervix, we determined that 1) the lack of decorin alone does not necessitate a reduction
in tensile mechanical properties, 2) structural reorganization of both collagen and elastic fibers contribute
to mechanical properties of the cervix, and 3) estrogen and progesterone have distinct roles in organizing
elastic fiber and collagen fiber structures.
The small leucine rice proteoglycan (SLRP), decorin is well known for its roles in organizing collagen
fibrils. In other connective tissues, Dcn-/- mice are known to have abnormally shaped collagen fibrils and
reduced tensile properties [48]. Through structural mechanical tests, we demonstrate that in nonpregnant
(NP) and early gestation (d6) mice, structural abnormalities in both the elastic and collagen fibers led to
decreased mechanical stiffness and strength in the Dcn-/- mice. Both the structural abnormalities and de-
creased mechanical properties in the Dcn-/- cervix, however, disappeared during pregnancy only to return
postpartum. Hypothesizing that the high levels of hormones during pregnancy contribute to the remedy of
the elastic and collagen fiber structures and thus mechanical properties, ovariectomized nonpregnant Dcn-/-
mice were utilized to determine the contributions of estrogen and progesterone on cervical ECM structure-
CHAPTER 5. THE EFFECTS OF DECORIN AND STEROID HORMONES ON CERVICAL MECHANICAL
PROPERTIES 81
function. Here we determined that the hormone progesterone (P) resolves abnormal collagen fibrils while
estrogen (E) resolves disrupted elastic fibers in nonpregnant ovariectomized mouse cervices. The struc-




Decorin null mice were generated and maintained as described previously [48] at University of Texas South-
western Medical Center. All mice used in this study were 2-6 months old and nulliparous. Females mice
were housed with males overnight and check for vaginal plugs in the morning, where the day of vaginal
plug was counted at day 0 of pregnancy. For wild-type (WT) mice, cervical tissues were collected from
C57B6/129sv WT mice maintained under the same conditions. Cervices from nonpregnant and pregnant
gestation days 6, 12, 15, and 18 mice were collected, as well as cervices from mice 24 hours postpartum.
All animal studies were conducted in accordance and approved by the IACUC office at the University of
Texas Southwestern Medical Center.
5.1.2 Ovariectomized mouse model for hormonal administration
Female mice at 7-8 weeks of age were ovariectomized (OVX) and allowed to recover for 2 weeks. A 1 cm
incision was made on the back of the neck, a time release pellet with estrogen or progesterone (Innovative
Research of America, Sarasota, FL) was inserted, and the skin was closed with wound clips. To study the
effects of estrogen (OVX+E), mice were implanted with an estrogen (E) pellet to give an estimate release
of 2µg per day (0.05mg, 21 day release pellet). To study the effects of progesterone (OVX+P), mice were
given a subcutaneous injection of E (100µg per day in 100µl of corn oil) for 2 days to induce progesterone
receptors, followed by implantation of a progesterone (P) pellet to give an estimated release rate of 1mg
per day (25mg, 21 day release pellet). All hormone treated samples presented here are from nonpregnant
OVX mice.
5.1.3 Tissue collection and processing
Mice were sacrificed and reproductive tracts were immediately collected around noon for all pregnant time
points except for d18 cervices, which were collected between 6-8PM. Mechanical testing samples were
immediately frozen, shipped to Columbia University on dry ice overnight, and stored at -80oC until testing.
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5.1.4 Structural mechanical properties
Structural mechanical properties were evaluated for cervical tissue from WT and Dcn-/- mice throughout
gestation as well as in the ovariectomized mice with or without steroid hormone administration. The me-
chanical tests were conducted with the same experimental protocol as described in Chapter 3. Stress [kPa]
was calculated as the force divided by the undeformed cervical cross-section (width times length). The max-
imum stiffness [kPa/mm] was calculated as the maximum local slope along the loading curve (displacement
[mm] vs. stress [kPa]). The yield stress [kPa] was calculated as the stress level the loading curve reached
its maximum stiffness and tissue strength was calculated as the maximum stress sustained by the tissue
before breaking.
5.1.5 Transmission electron microscopy
Transmission electron microscopy (TEM) was used to assess the collagen fibril structure and elastic fiber
structure at UT Southwestern Medical Center. The details of the TEM image methodologies are available
in the manuscript based on the studies presented here [64].
5.1.6 Collagen crossslink and desmosine measurement
Quantitative measurements of collagen and elastin were made via ultra performance chromatography-
electrospray ionization tandem mass spectrometry (UPLC-ESI-MS/MS) as described in Chapter 3. For this
study, the trivalent mature collagen crosslink pyridionline (PYD) and the elastin crosslink desmosine (DES)
were quantified as well as hydroxyproline (OHP) to determine total collagen content. Total collagen content
was calculated assuming 14% OHP content by weight and normalized by the tissue dry weight [mg colla-
gen/mg dry weight]. PYD density was calculated by dividing the concentration of PYD by collagen on a mole
to mole basis [PYD mol/collagen mol]. DES content was normalized by the original dry weight of the tissue
[mol DES/mg dry weight].
PYD measurements were made on NP and term d18 WT and Dcn-/- mice. DES measurements were
made on WT mice throughout gestation as well as Dcn-/- NP and d18 mice. In order to reduce uncertainty
in the measurements due to fluctuations in hormones levels during a normal estrus cycle (see crosslink data
in Chapter 3), cervices from females only in the metestrus (NPME) stage of the estrus cycle were used for
crosslink measurements for NP samples.
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5.2 Results
5.2.1 Structural mechanical properties and ECM structure in normal gestation
Loss of decorin significantly reduced cervical stiffness and strength in NP and early pregnant cervix. No
differences in the tissue stiffness, strength, or yield stress were evident between WT and Dcn-/- cervices
from gestation day 12 to 18 or gestation, though a compromise in mechanical function reappeared in the
Dcn-/- mice in as early as 24 hours after parturition (Fig. 5.1A-C).
Based on themechanical data, the collagen fibril structures of theWT andDcn-/- samples were assessed
via transmission electron microscopy (TEM) (Fig. 5.2). The reduced structural mechanical properties in the
Dcn-/- NP and d6 mouse cervix corresponded with the appearance of abnormally large collagen fibrils inter-
spersed between morphologically normal collagen fibrils (Fig. 5.2, 1st and 2nd rows). However, the reduced
structural mechanical properties in the Dcn-/- cervix 24 hour postpartum (PP) did not correspond with the
appearance of abnormal fibrils in the TEM images (Fig. 5.2, last row).
The disconnect between the structural mechanical properties and collagen fibrils in the 24 hour post-
partum samples motivated the evaluation of elastic fibers, which are known to affect tissue mechanical
properties in other connective tissues such as arterial wall [77] and collateral ligaments [78; 79]. An assess-
ment of the elastic fibers in the cervical tissue in normal pregnancy demonstrated that like collagen fibers,
elastic fibers also undergo structural changes (Fig 5.3, left column). In the WT nonpregnant and d6 cervix,
the elastic fibers appear long with densely-packed elastin (in black) integrated tightly into the microfibril scaf-
fold. With progressing gestation, the elastic fibers in the wild-type cervix become thicker and shorter. In all
wild-type cervix, the elastin complex is well integrated onto the microfibril structure.
Compared to the WT NP cervix, elastic fibers in the Dcn-/- NP and d6 cervix were disorganized, where
microfibrils appeared exposed, suggesting abnormal integration of elastin onto themicrofibril scaffold. Struc-
tural abnormalities in the elastic fibers of Dcn-/- cervices were resolved and appeared to be similar to WT
counterparts by gestation day 12, but abnormalities reappeared 24h PP (Fig. 5.3, last row). These compar-
isons of the elastic fibers between WT and Dcn-/- cervix parallel the structural mechanical property trends
(Fig. 5.1). This strong correlation between cervical mechanical properties and structural appearance of the
elastic fibers suggests that despite the relative low content of elastin in the cervix, elastic fiber structures
have an impact on cervical mechanical properties. Abnormal collagen fibrils and disintegrated elastic fibers
persisted in the skin from Dcn-/- mice during gestation, demonstrating that these resolutions in the collagen
and elastic fibers were unique to the cervix.













































































Figure 5.1: Structural mechanical properties of WT and Dcn-/- cervix during gestation. Structural mechan-
ical properties are decreased in Dcn-/- compared to WT cervix in nonpregnant and early gestation (d6),
are resolved during mid-gestation to term, and return 24h postpartum. Structural mechanical properties
are based on load-to-break tests. A) Maximum local stiffness, B) Yield stress, and C) Tissue strength. *
represents significant differences between WT and Dcn-/- cervix (Student's t-test, p < 0.05.).









Figure 5.2: Abnormal collagen fibrils present in Dcn-/- nonpregnant mouse cervix disappear during preg-
nancy. Transmission electron microscopy (TEM) images of collagen fibrils in cervices of wild-type (WT) and
Dcn-/- mice during gestation. Yellow arrows indicate abnormally shaped fibrils. Scale bars represent 500
nm. Image courtesy of Dr. Shanmugasundaram Nallasamy and Dr. Mala Mahendroo at UT Southwestern.








Figure 5.3: Elastic fibers are less integrated in Dcn-/- mouse in nonpregnant, early pregnant, and 1 day
pospartum cervix. Transmission electron microscopy (TEM) images of elastic fibers in cervices of wild-type
(WT) and Dcn-/- mice during gestation. Yellow arrows indicate normally shaped elastic fibers compared
between WT and Dcn-/- cervix. Red arrows indicated abnormal elastic fibers, where the elastin protein (in
black) do not appear to be well integrated onto the microfibril scaffold. Scale bars represent 500 nm for NP
and 1000 nm for all other gestation time points. Image courtesy of Dr. Shanmugasundaram Nallasamy and
Dr. Mala Mahendroo at UT Southwestern.
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5.2.2 Structural mechanical properties of OVX mice with and without steroid hor-
mone treatments
Based on the disappearance of abnormal collagen fibrils and disorganized elastic fibers during gestation
observed in the Dcn-/- mice, we hypothesized that the high levels of steroid hormones experience during
pregnancy have the ability to "repair" the collagen and elastic fibers. To test this hypothesis, nonpregnant
WT and Dcn-/- mice were ovariectomized (OVX) to remove the endogenous supply of estrogen (E) and pro-
gesterone (P) and treated with pregnancy levels of E and P separately, for two weeks to simulate hormonal
profiles in a normal pregnancy.
Assessment of the collagen fibrils and elastic fibers with TEM demonstrated similar abnormally shaped
collagen fibrils and disintegrated elastic fibers in the Dcn-/- OVX mice without steroid hormone treatments
as expected (Fig. 5.4). In theDcn-/- mice treated with P (OVX+P), the abnormal collagen fibrils disappeared,
but the disintegrated elastic fibers persisted. In Dcn-/- mice treated with E (OVX+E), the abnormal collagen
fibrils persisted while the disintegrated elastic fibers were replaced with well-integrated elastic fibers. These
results suggest that pregnancy levels of P and E are capable of overriding the role of decorin to initiate
distinct remodeling events thats alter the collagen and elastic fibers, respectively.
In parallel to the TEM images, structural mechanical properties were reduced in theDcn-/- cervix for OVX
mice (Fig. 5.5), similar to the normal nonpregnant cervix (Fig. 5.1). Although the collagen fibrils appeared
normal, structural mechanical properties of Dcn-/- mice treated with P (OVX+P) were reduced compared to
WT OVX+P cervix. On the other hand, even with the abnormal fibrils, structural mechanical properties of
Dcn-/- mice treated with E (OVX+E) were similar to WT OVX+E cervix. These results suggest again, that
the integrity of the elastic fibers have an impact on cervical mechanical properties.
5.2.3 Mature collagen crosslink density and desmonsine content
To determine if the abnormally shaped collagen fibrils were a consequence of alterations in the intermolec-
ular crosslinks, the mature crosslink pyridionline (PYD) density was compared between NP WT and Dcn-/-
cervices frommice in the mestestrus stage of the estrus cycle. There were no differences in the PYD density
between NP WT and Dcn-/- cervices.
As a measure of elastin content in the cervix, the elastin crosslink, desmosine (DES), content per dry
weight of the cervix was measured for normal pregnancy (in WT mice) and compared between NP WT and
Dcn-/- cervices (Fig. 5.6). In normal gestation, DES content increased at d6, but did not change significantly
throughout the rest of gestation and 1 day PP, suggesting that the elastin content does not change signif-
icantly in a normal mouse pregnancy. When comparing between WT and Dcn-/- cervices, no differences
were detected in the DES content per dry weight between NP WT and Dcn-/- cervix. These results suggest
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Figure 5.4: Progesterone and estrogen repair collagen fibrils and elastic fibers in nonpregnant, ovariec-
tomized Dcn-/- mouse cervix. Row 1: cervices from ovariectomized mice without steroid hormone sup-
plementation. Row 2: OVX+P treatment and Row 3: OVX+E treatment at pregnancy levels for 2 weeks.
Red arrows indicate abnormal collagen fibrils and disintegrated elastic fibers, while yellow arrows indicate


























































































Figure 5.5: Structural mechanical properties of WT and Dcn-/- cervix from ovariectomized (OVX) without
hormones, OVX+progesterone (P), and OVX+estrogen (E). Structural mechanical properties are decreased
inDcn-/- compared to WT cervix in OVX and OVX+P cervix, but not int OVX+E cervix. Structural mechanical
properties are based on load-to-break tests. A) Maximum local stiffness, B) Yield stress, and C) Tissue
strength. * represents significant differences between WT and Dcn-/- cervix (Student's t-test, p < 0.05.).


































Figure 5.6: Desmosine content per dry weight increases in early pregnancy and does not change signifi-
cantly throughout rest of pregnancy, suggesting that elastin content does not significantly change in preg-
nancy. Dcn-/- NP and d18 desmosine content is similar to WT counterparts, suggesting that disruptions in
the elastic fiber structure is not related to desmosine content.
that the disrupted elastic fibers seen via TEM images do not correspond to reduced DES content.
5.3 Discussion
5.3.1 Decorin and cervical mechanical properties
In the first set of mechanical tests conducted in this study, we assessed the cervical mechanical function of
mice deficient in the proteoglycan decorin in normal gestation. In this assessment of structural mechanical
properties we determined the following: 1) Dcn-/- cervices from NP and d6 are mechanically compromised
compared to WT cervix; 2) these mechanical dysfunctions in the Dcn-/- mice disappear in mid to late ges-
tation but come back within 24 hours postpartum; and 3) the mechanical dysfunctions correlate with the
appearance of disintegrated elastic fibers, but not with the appearance of abnormally shaped collagen fib-
rils. Based on these observations, we hypothesized that in NP and early pregnancy, decorin interacts with
the collagenogenesis and elastogenesis processes to organize the ECM. During pregnancy, however, we
hypothesized that the high levels of progesterone and estrogen override these functions of the decorin.
We tested the latter hypothesis by treating ovariectomized NP mice with controlled amounts of E and P
separately, mimicking the levels and durations experienced during pregnancy. Through the ovariectomized
mouse models, we found distinct roles of E on remodeling elastic fibers and P on remodeling collagen fibrils.
The structural mechanical response presented here suggest that decorin does not have a direct role on
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cervical mechanical properties, since a lack of decorin does not necessitate reduced mechanical function.
These results, however, reflect the instantaneous tensile properties of the tissue in large deformation. A
study in tendon reported altered stress-relaxation response in Dcn-/- mice [150]. Decorin has been impli-
cated to interact within a fibril to assist in the lateral fusion of collagen molecules [151]. Alterations in lateral
fusion could lead to differences in how the collagen molecules and/or fibrils slip or slide against each other to
alter time dependent properties. Therefore, before a direct role of decorin on cervical mechanical properties
is completely dismissed, the time-dependent properties of the WT and Dcn-/- cervix should be evaluated.
The mechanical tests conducted here have the same limitations as presented in Chapter 3. The parame-
ters reported are structural properties and notmaterial properties. Therefore, comparisons in themechanical
parameters should only be made between WT and Dcn-/- counterparts and not between gestation groups in
the first set of tests and treatment groups in the second set of tests. This distinction is particularly important
for the OVX study, because of the significant differences in tissue sample size observed between treatment
groups as discussed in the next Chapter 6 (Fig. 6.5. Additionally, these only represent the 1-D response of
the cervix in the direction of loading. To investigate the material property changes, particularly for the OVX
animal studies, the experimental setup and IFEA framework described in Chapter 4 should be utilized.
5.3.2 Steroid hormones and ECM remodeling
In further assessment of the structural mechanical properties of the cervices from these hormone treated
mice, we found that the P treated Dcn-/- mice had a mechanically compromised cervix while E treated Dcn-/-
cervices had similar structural mechanical properties as cervices from its WT control. Furthermore, through
the visual assessment of the collagen fibrils and elastic fibers, we determined that P treatment had the abil-
ity to repair the abnormal collagen fibrils while E treatment had the ability to repair the disintegrated elastic
fibers seen in the untreated Dcn-/- mice.
This finding is of particular interest in the context of a hormone-mediated material constitutive model for
the cervix. Specifically, the results found in this study suggest that in the absence of induced stretch from the
growing pups and other non-hormone based cues in pregnancy, high levels of E and P can override normal
physiological processes (in the case of the Dcn-/- animals) to initiate remodeling events. The importance of
this finding is further augmented by the fact that these changes were unique to the cervix (and possibly the
reproductive tract) and not other connective tissues, specifically in the skin. Therefore, these results support
a mathematical formulation where E controls the material parameters related to elastic fibers, whereas P
controls the material parameters related to the collagen fibers.
Estrogen and progesterone alone, however, do not characterize the dramatic remodeling events ob-
served in pregnancy. Cervices of all ovariectomized +/- steroid hormone treatments were comparable to
normal nonpregnant and early pregnant cervix, much stiffer compared to term pregnant d18 cervices. There-
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fore, other factors besides E and P (i.e., enzymes and MMP's) should be considered as the driving force
behind the reduction of cervical stiffness in pregnancy. Further studies with the IFEA framework presented
in Chapter 4 is recommended to assess the material property differences between treatment groups in the
WT animals to determine how E and P alone affect cervical material properties.
5.3.3 Quantitative analysis of elastin and collagen crosslinks
The results from UPLC-ESI-MS/MS measurements of the PYD and DES content suggest 1) the abnormal
fibrils seen in the Dcn-/- NP cervix is not due to alterations in the PYD content, 2) elastin content does not
change significantly throughout pregnancy and therefore, 3) the structural defects in the elastic fiber is not
due to reduced elastin content or altered elastin crosslinking. The immature crosslink density is not shown
here, because the HLNL crosslink standard was not available for this study. In the previous study (Chap-
ter 3), we found both immature crosslinks DHLNL and HLNL in the cervix throughout gestation and that the
dominance of HLNL and DHLNL on the total immature crosslink shift during gestation. Therefore, additional
studies to measure HLNL and DHLNL crosslink density are necessary for a more complete understanding
of the crosslinks in the Dcn-/- cervix.
We expected to see differences in the collagen and elastin crosslink densities for the OVX animals, be-
cause E is known to induce lysyl oxidase (LOX) activity, which are involved in collagen and elastin crosslinks.
The PYD density and DES content were measured for the OVX animals, but are not presented here be-
cause the crosslink measurements are incomplete (due to lack of HLNL standards) and the main differences
were observed between treatment groups rather than WT and Dcn-/- counterparts. Therefore, additional
investigation is necessary to understand the mechanisms behind hormones and crosslink density and DES
content.
As previously mentioned, the assumption is made here that the DES crosslinks between elastin is con-
served throughout pregnancy. Although elastin is known to be a stable protein, the fast turnover of the
ECM constituents observed in the reproductive tract, particularly in pregnancy, impels the need to verify this
assumption. Other methods to directly measure the tropoelastin content is recommended to determine the
ratio of DES to tropoelastin in gestation. Finally, the changes in the elastic fibers observed during normal
pregnancy where the elastic fibers appear integrated, but shortened, is different from the disrupted elastic
fibers seen in the Dcn-/- tissue. These observations suggest multiple mechanisms that can lead to various
alterations in the elastic fiber structure. Therefore, these differences should be further investigated. For
example, alterations in the microfibrils associated with the elastic fiber scaffold could be disrupted in one
case but not the other. Additional mechanical studies are also recommended to understand the mechanical
consequences of shortened versus disintegrated elastic fibers. As an example, in Chapter 6, we present
cyclic load-unload-recovery data on a mouse model with induced infection-mediated PTB (d15+LPS), which
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were also found to have disruptions in the elastic fiber structure.
5.4 Conclusion
This study investigated the role of decorin on cervical mechanical properties. The mechanical data pre-
sented here uncovered a correlation between elastic fiber structure and cervical mechanical properties. In
addition, the ovariectomized +/- steroid hormone treatment animal models demonstrated a distinct role of
estrogen and progesterone on elastic fiber and collagen fibril structure. From these results, we conclude that
the elastic fiber structures should be incorporated into the material constitutive formulation for the cervix and
suggest that serum estrogen levels be correlated to material parameters associated with elastic fibers and
serum progesterone levels be correlated to material parameters associated with the collagen fiber network.
In the next Chapter 6, we present viscoelastic data to suggest a further role of elastic fibers on cervi-
cal mechanical properties, specifically in its ability to recover after applied load-unload cycles. We also
present mechanical data on pregnant hormone-mediated PTB mouse cervix, where the role of premature P
withdrawal leads to changes in the collagen structure as well as in the mechanical properties.
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Chapter 6
Discussions and Conclusions
The overall objective of this dissertation work was to better understand the ECM-material property relation-
ships of the nonpregnant and pregnant cervix in normal and abnormal pregnancy. The studies conducted
for this dissertation can be divided into the material characterization of the cervix (Chapters 2 and 4) and the
ECM characterization of the cervix (Chapters 3 and 5). The major findings are summarized as follows.
In the first attempt of the material characterization of the cervix, we considered the equilibrium material
properties. First, the equilibrium swelling properties of the cervix during pregnancy were measured (Chap-
ter 2), where we found that the pregnant cervical tissue swells significantly more compared to nonpregnant
tissue from a hyperomsotic (2M NaCl) to a physiological solution (0.15M NaCl). Because the deformations
induced in swelling tests were modest, particularly for the nonpregnant cervix, tensile equilibrium proper-
ties of the cervix in large deformations were evaluated through stress-relaxation ring tests (Chapter 4). To
determine the material property changes of the cervix, a porous, continuously distributed fiber composite
material model was proposed and fit to the swelling and equilibrium tensile data with an inverse finite element
analysis. The material model was validated by predicting a separate set of deformation data. Through this
approach, we demonstrated that the material parameter associated with the fiber stiffness decreases four or-
ders of magnitude during a 19-day mouse gestation period. Comparisons of the proposed model with other
material models demonstrated that tension-compression nonlinearity and continuously distributed fibers are
necessary features of proposed model to characterize the 3-D response of the tissue.
To test the hypothesis that the softening and ripening of the cervix in a normal pregnancy is due to the
simultaneous breakdown of mature crosslinked collagens and synthesis of immature less crosslinked col-
lagens, the immature (divalent) and mature (trivalent) intermolecular collagen crosslinks were quantified
using UPLC-ESI-MS/MS methods (Chapter 3). In this study, we found that while the total mature collagen
crosslink density decreased significantly between d6 and d15 of pregnancy, the total immature collagen
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crosslink density did not, leading to a significant decrease in the maturity ratio of the crosslinks. In addi-
tion, this study showed that there were no significant changes in the crosslink densities in late pregnancy
(d15 and d18), despite continuing softening of the tissue (Fig. 3.8). These results suggest that other ECM
constituents are responsible for tissue softening in late pregnancy. In Chapter 5, the mechanical role of the
proteoglycan, decorin, was investigated. The structural mechanical data demonstrated that a lack of decorin
in the cervix leads to tissues with reduced mechanical integrity, but only in the nonpregnant and early preg-
nant state. Further assessment of the ECM demonstrated the role of decorin in organizing the collagen and
elastic fibers in the cervix in nonpregnant and early pregnant cervix, but not in mid to late pregnancy. To
evaluate the ability of steroid hormones to override decorin's role in ECM organization, nonpregnant ovariec-
tomized mice were treated with either estrogen or progesterone to mimic the individual hormonal profiles
in pregnancy. This evaluation revealed the individual roles of estrogen and progesterone on elastic fiber
and collagen fibril organization, respectively. Through the evaluation of structural mechanical properties of
the samples in this study, we demonstrate the importance of elastic fiber integrity on cervical mechanical
function.
The long term objective of this work is to develop a hormone-mediated remodeling material model for
the cervix in pregnancy. As a first step towards the development of this framework, this dissertation pro-
vides an appropriate equilibrium material model for the cervix and an evolution of its material parameters
in a normal mouse pregnancy. Based on the known tissue microstructure, we utilized a material model
where the swelling tendencies of the tissue is controlled by the net negative charges arising from the GAGs,
balanced by a fiber network embedded in a neo-Hookean ground substance. Modeling the tissue in this
manner allows for the model parameters to reflect individual ECM constituents hypothesized to dictate the
mechanical response of the tissue. In the current model, we have material parameters associated with the
GAGs (charge dependent Donnan Equilibrium), the collagen fibers (continuously distributed fiber network)
and the rest of the ECM constituents are modeled as a neo-Hookean ground substance. The following sec-
tions present additional mechanical data and analyze the findings of this thesis within a hormone-mediated
remodeling framework to suggest future directions.
6.1 Time-dependent properties of the mouse cervix
The mechanical data presented in Chapters 2 and 4 and the material model presented in Chapter 4 only
consider the equilibrium properties of the tissue and characterize the mechanical response after the instan-
taneous transient effects (i.e., rearrangement of collagen fibers or fluid flow in and out of the tissue) have
dissipated. The in vivo environment of pregnancy, the cervix is subjected to an increasing load applied over
the time period of pregnancy. Because the time period of pregnancy is much longer than the time periods
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considered in the mechanical tests, the equilibrium response is an appropriate start for characterizing the
mechanics of cervical remodeling. For a more accurate characterization, however, the time-dependent ma-
terial response of the tissue should be considered.
One practical disadvantage of measuring the equilibrium response is the long time periods necessary for
conducting these experiments. For the pregnant cervix, a total of 14-16 hours was necessary to conduct one
stress-relaxation test presented in Chapter 4. In comparison, load-to-break tests conducted in Chapters 3
and 5 to test instantaneous properties of the cervix took a total of 2-4 hours per sample. Most mechan-
ical properties of the rodent cervix reported in literature are based on instantaneous load to break tests.
In this section, we provide analyses of the experimental time-dependent properties of the cervix from the
stress-relaxation data and highlight differences between instantaneous and equilibrium properties. We also
present an additional experimental study on the viscoelastic properties of pregnant cervices in normal mice
and in mice with induced PTB. These results and observations are used to suggest modeling strategies for
the next iteration of the cervical material constitutive model.
6.1.1 Stress-relaxation properties of the cervix in a normal mouse pregnancy
To better understand the viscoelastic properties of the nonpregnant and pregnant mouse cervix, the stress-
relaxation curves generated in the experiments in Chapter 4 were analyzed. Figure 6.1A-C shows represen-
tative peak and equilibrium forces during stress relaxation for a nonpregnant, pregnant d12 and pregnant
d18 cervix. In order to make meaningful comparisons between gestation groups, the forces were plotted
against the maximum fiber stretch determined from the FEA model as shown (Fig. 6.1D).
In the nonpregnant and early pregnant state, the cervix exhibited relatively small amounts of relaxation,
leading to similar peak and equilibrium forces during stress-relaxation tests. These samples were not able
to stretch significantly before breaking as represented by the maximum fiber stretch on the x-axis as 1.12
(Fig. 6.1A). On the other hand, for pregnant d12 cervix, significant relaxation is seen at fiber stretches over
1.2. This effect is also seen in the late pregnant d18 cervix at fiber stretches over 1.4.
Although the maximum peak to equilibrium force ratio between d12 and d18 cervix is similar, it is im-
portant to note that in the stress-relaxation tests conducted here, the pregnant cervix did not reach a true
equilibrium state in tension, even after holding the deformation constant for 1 hour (Fig. 4.6). Additional
investigations are necessary to determine better understand the viscoelastic property changes in the cervix
throughout pregnancy. In addition, the peak forces for the d12 and d18 cervix begins to yield with induced
stretch. To evaluate if this yielding effect is due to induced damage or part of the viscoelastic response,
additional mechanical tests are necessary. For example, multiple rounds of stress-relaxations to the same
cervical opening can be conducted to separate the two effects [152].
Despite the limitations, the presented stress-relaxation data demonstrate significant differences in the
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time dependent properties of the cervix with gestation. The instantaneous response and equilibrium re-
sponses of nonpregnant are similar, as evident by the relatively small amount of relaxation, but the instan-
taneous and equilibrium responses of pregnant cervices vary greatly. This large variation in the pregnant
cervix indicates that the instantaneous load-to-break response is much stiffer compared to the equilibrium
response, even at gestation day 12. Therefore, a viscoelastic formulation of the material model is recom-
mended before experimental tensile load-to-break data can used to determine cervical material properties.
Towards the development of a viscoelastic model, an appropriate relaxation function for the cervix was
investigated. As a candidate relaxation function, a reduced power-relaxation function available in FEBio





In this function, τ is the characteristic time constant and β is the power exponent. A smaller τ leads to
faster relaxation and a higher β value leads to more force relaxation. Figure 6.2 demonstrates the abil-
ity of the power-relaxation function to capture the experimental data for both nonpregnant and pregnant
tissues. Pregnant values were higher for both parameters associated with this relaxation function, [β,τ ].
These higher values indicate more significant and slower relaxation behavior of the pregnant tissue in ten-
sion. However, there is a wide range in the best-fit parameter values, particularly for the pregnant tissue
because the viscoelastic response is extremely non-linear. Therefore, in the formulation of a viscoelastic
model, these parameters will likely be stretch dependent.
The tensile relaxation response of soft collagenous tissues can be attributed mainly to 1) the rearrange-
ment of collagen fibers into a preferred equilibrium state and 2) the fluid flow into and out of the tissue. Based
on the known differences in the collagen fiber network, we postulate that the straight, aligned collagen fiber
network in the nonpregnant cervix does not rearrange significantly during the displacement hold and fluid
flow through the tissue is limited, leading to a small force relaxation. On the other hand, we postulate that
the loosely connected fiber network of the pregnant tissue is able to rearrange significantly during the dis-
placement hold and fluid is able to easily flow in and out of the tissue, leading to a significant relaxation
in the force. In the material modeling of biological tissues, viscoelastic effects are usually attributed to the
rearrangement of the fiber network and poroelastic effects to the fluid flow in and out of the tissue. Future
experimental studies to separate the two effects would help to better understand the relative contributions
of visco- and poroelastic effects. For example, hydraulic permeability studies [99] can be conducted to mea-
sure the strain-dependent poroelastic properties of the tissue, although the small sample size of the mouse
cervix will challenge the experimental setup. It is expected that an exclusively poroelastic model will not be
able to capture the dramatic relaxation response seen in the pregnant tissue (Fig. 6.2).
In the literature, cervical mechanical properties are evaluated via various loading protocols, including in-
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stantaneous load-to-break tests, stress-relaxation with short relaxation times, and creep usually for a period
of 30 mins. Because the pregnant cervix has a highly time-dependent response, the mechanical "stiffness"
reported will be highly dependent on various test parameters, such as the loading rate and relaxation/creep
times. These test parameters need to be taken into account before making mechanical property compar-
isons between studies. In addition, the 3-D nature of the proposed framework and the complex deformations
induced during the tensile tests conducted here complicates the viscoelastic model fits to the experimental
data. Stress-relaxation and creep data generated with a more straightforward deformation mode would al-
low for the reduction from a 3-D model to a 2-D of 1-D model for initial viscoelastic model developments.
For example, uniaxial tensile tests can be conducted by cutting the tissue longitudinally and flattening the
cylinder into a rectangular shape.
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Figure 6.1: Nonpregnant cervix exhibits smaller relaxation compared to pregnant cervix. Peak and equilib-
rium forces during stress-relaxation plotted against maximum fiber stretch from FEA model for A) Nonpreg-
nant and pregnant B) gestation day 12 C) gestation day 18 cervix. D) Illustration of the element selected to
determine maximum fiber stretch
.
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τ = [1.34e-8 - 46.36]
Figure 6.2: Power-relaxation function fits to the stress-relaxation data. The power-relaxation function 6.1
was fit to each relaxation for a nonpregnant and pregnant sample. Symbols represent data points and lines
represent the power-relaxation fits. The ranges in parameters, [β,τ ] are indicated.
6.1.2 Viscoelastic properties of the pregnant cervix in mouse models of PTB
The main clinical motivation behind our work is to understand premature cervical remodeling leading to
preterm birth (PTB). In the field of cervical biology, there are two established models of PTB: 1) infection-
mediated via lipopolysaccharide (d15+LPS) and 2) premature withdrawal of progesterone via RU486 (d15+
RU486). Histological evidence of cervical samples from these preterm models compared with normal d15
and d18 cervices suggest that the ECM mechanisms responsible for cervical remodeling are different be-
tween the two PTB models. TEM images of d15+LPS cervix demonstrated compromised elastic fibers but
normal collagen fibril morphology compared to normal d15 cervix, while d15+RU486 cervices demonstrated
collagen fibril morphology similar to d18 tissue [66; 42]. In order to evaluate the contributions of the cervical
collagen and elastic fibers to tissue stiffness, load-to-break and cyclic load-unload tests were conducted to
assess tissue stiffness, strength, hysteresis, and recoverability.
Mouse models of PTB
Mice were generated and maintained at UT Southwestern Medical Center. Wild-type 2-6 month old nul-
liparous pregnant females were used in all experiments. Normal pregnant mice were sacrificed on gestation
day 15 and 18, where term delivery normally occurs between 6PM on d18 to 12PM on d19 of pregnancy.
For the infection-mediated PTB model (d15+LPS), 150µg of lipopolysaccharide was injected into the uterus
of pregnant d15 female mice between 7-9 AM and sacrificed 6 hours later. Under this condition, PTB occurs
7-8 hours after injection. For the hormone-mediated PTB model (d15+RU486), a progesterone receptor
antagonist, RU486, was used to stimulate premature progesterone withdrawal by subcutaneous injection
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late on d14. The pregnant mouse was sacrificed 12h later on d15 (d15+RU486). Under this condition, PTB
occurs 13-16h after injection. For all mouse samples, the cervix was isolated with uterine horns and sur-
rounding vaginal tissue immediately after sacrifice, flash frozen, shipped overnight to Columbia University
on dry ice, and stored at -80°C until testing.
Mechanical testing
On the day of testing, the cervix was carefully removed from the uterine horns and the surrounding vagi-
nal tissue. The mechanical test setup and tensile grips presented in Chapter 4 was utilized for this study.
Before tensile testing, samples were allowed to equilibrate in PBS+2mM EDTA for 2-4 hours. Each sample
was subjected to either a load-to-break test or a cyclic load-unload-recover test. Throughout testing, sam-
ples were kept hydrated and time, grip-to-grip displacement, force, and tissue geometry were continuously
recorded.
Load-to-break: Whole, intact cervices (n=5 per group) were subjected to load-to-break tensile testing to de-
termine stiffness and strength for each group (Fig. 6.3A). Tensile grips were pulled apart at a constant rate of
0.1mm/s until the sample broke. Stress [kPa] was calculated by normalizing the force [N] by the stress-free
reference sample cross-sectional area [mm2] defined as the product of width and length. Cervical opening
[mm], defined as the suture-to-suture distance, was normalized by the stress-free sample height to calcu-
late a normalized cervical opening [mm/mm]. For each sample, a loading curve was generated and the
parameters: initial slope [kPa], maximum slope [kPa], transition stress [kPa], yield stress [kPa], and tissue
strength [kPa] were calculated as shown (Fig. 6.3A).
Load-unload-recover: Whole, intact cervical samples (n=3-4 per group) were subjected to cyclic load-
unload-recover tensile testing to measure sample hysteresis and recoverability (Fig. 6.3B). To account for
differences in the loading curves between sample groups in the load-to-break test, three load levels were
selected based on the group averages of transition stress and yield stress. The first load level (LL1) was
selected as 90% of the average transition stress, within the toe region of the loading curve. The second
load level (LL2) was selected as 150% of the average transition stress, past the toe region. The third and
highest load level (LL3) was selected as 75% of the average yield force, just before the sample begins to
yield and break. Samples were loaded at a grip-to-grip rate of 0.1mm/s to LL1, immediately unloaded at the
same rate to a stress-free state and allowed to recover for 20 mins. This cycle was repeated twice more
for a total of 3 cycles(cycles 1-3). The cycles were repeated for LL2 (cycles 4-6) and LL3 (cycles 6-9) for a
grand total of 9 load-unload-recover cycles.
Hysteresis was calculated as the area between the loading and unloading curves for each cycle. This
measurement represents the dissipated energy due to both viscous and unrecoverable permanent defor-
mations. To determine the extent of unrecoverable permanent damage, recoverability was calculated as 1
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minus the change in hysteresis between the 1st (cycles 1,4,7) and 3rd cycles (cycles 3,6,9) at each load level.
Results
In general, d15+LPS cervices exhibited similar mechanical behavior to d15 samples while d15+RU486 cer-
vices exhibited similar mechanical behavior to d18 samples in the load-to-break tests. Normal d15 and
d15+LPS cervices tended to be stiffer and stronger compared to d18 and d15+RU486 cervices (Fig. 6.4A).
These differences, however, were not statistically significant.
Hysteresis was consistently higher in d15 cervices compared to all other groups (Fig. 6.3B). Hysteresis
was higher in d15 compared to d15+LPS and d18 cervices for all loading levels and compared to d15+RU486
only for LL1. Recoverability was consistently higher in d15 cervices compared to all other groups. Signifi-
cant differences, however, were found only between d15 and d15+LPS at LL3.
Discussions and Conclusions
The objective of this study was to characterize the mechanical behavior of pregnant cervices from two
different mouse models of PTB: infection-mediated PTB via LPS and premature progesterone withdrawal
via RU486. Our load-to-break results agree with our histological studies, where more organized collagen
fibers in the d15+LPS and d15 cervices lead to relative stiffer and stronger tissue compared to d15+RU486
and d18 cervices. These differences, however, were not significant and additional samples should be tested
to confirm these differences. The higher hysteresis in the d15 cervices in our load-unload-recover tests sug-
gests that more energy is dissipated during a load-unload cycle in the d15 cervix. Recoverability tended to
be higher in d15 cervices compared to all other groups, particularly d15+LPS samples, indicating viscous
deformations in the d15+LPS samples were less recoverable. This result agrees with histological studies,
where compromised elastic fibers in the d15+LPS cervices may result in tissues with lower recoverability.
The overall trends in this study suggest that the biomechanical signatures between the two mouse models
of PTB are distinct and that infection and progesterone withdrawal facilitate distinct mechanisms of cervi-
cal remodeling which both lead to a common end point of a mechanically compromised cervix leading to
premature dilation and PTB.
6.2 Relationships between material property changes and ECM con-
stituents
This section combines the findings in this dissertation with known findings in the literature to analyze the
current understanding of how ECM remodeling in pregnancy relates to changes in cervical mechanical
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Figure 6.3: Tensile mechanical test regimens used for A) load-to-break and B) load-unload-recover tests















































































































Figure 6.4: A) Load-to-break: d15+LPS and d15 cervices are stiffer and stronger compared to d15+RU486
and d18 cervices, but differences were not significant. B) Load-unload-recover: d15 cervices exhibit higher
hysteresis and recoverability compared to d15+LPS.*'s indicate significantly different parameters compared
to d15 (One way ANOVA, p <0.05).
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properties. Hypotheses are generated for unknown, but potential relationships, and additional studies are
suggested to verify these hypotheses.
6.2.1 Collagen crosslinks
Quantitative changes in the collagen structure, assessed through crosslink maturity ratio parallels the me-
chanical data in the early softening stage from between d6 to d12 until d15 of pregnancy. In Chapter 4, we
found that the material parameters associated with the fiber stiffness [ξ], dropped significantly between d12
and d15 of pregnancy (-32% change, Table 4.3). This drop in the stiffness parallels the collagen crosslink
maturity ratio measured in Chapter 3, where there was a 9% drop between d12 to d15. These results par-
allel findings in literature, where the percentage of soluble collagens in weak acids were shown to increase
between d7 to d12 of pregnancy, but not after [41]. Therefore, these data suggest that crosslink changes in
part are responsible for the softening of the tissue during the early softening stage, which begins between
d6 to d12 and ends by d15 of pregnancy. These results agree with a previous study, which treated pregnant
rat cervix towards the end of gestation with collagenase (MMP-1) did not lead to any changes in the cervical
mechanical properties.
In order to incorporate the quantitative measurements of collagen crosslinks into the material model,
a phenomenological function to relate the collagen crosslink densities to the collagen fiber stiffness, [ξ] is
recommended. As a start, correlations between [ξ] and the maturity ratio should be further analyzed. If
a strong correlation cannot be determined with the maturity ratio, the effects of each crosslink should be
considered. In particular, the amounts of PYD [ρPY D] and DPD [ρDPD] crosslinks should correlate posi-
tively with fiber stiffness [ξ] (Fig. 3.6). In addition, the amount of DHLNL and HLNL crosslinks should be
separated, since DHLNL was correlated with structural mechanical properties, but not HLNL (Fig. 3.5). The
collagen crosslinks, however, will mostly likely not completely dictate the fiber stiffness, because in Chap-
ter 4, fiber stiffness decreased between gestation d15 and d18without any changes in the collagen crosslinks
(Figs. 3.8,4.18).
6.2.2 Glycosaminoglycans
Based on quantitative measurements of sGAGs and GAGs in the cervix, the fixed charge density (FCD) of
the cervix increases slightly, but not change significantly throughout pregnancy (Tables 2.1 & 4.1). However,
because the stiffness of the collagen fiber network drops four orders of magnitude by the end of pregnancy,
the small increase in FCD leads to a more significant swelling of the cervix by d18. In the tensile tests
conducted in Chapter 4, we found a 31% drop in fiber stiffness between d15 and d18 in the late softening
stage, without any differences in the collagen crosslinks. In addition, our model fits demonstrate a 30%
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increase in the ground substance stiffness.
One known significant change in the ECM between d15 and d18 is the doubling in the amount of the
non-sulfated GAG, HA. Second harmonic generation images of the cervical collagen fibers demonstrate
differences between the fiber structure between d15 and d18 of pregnancy, where collagen fibers appear
more disorganized and more undulated in the d18 tissue [66; 65]. The tissue hydration also increases during
this stage. Although HA is known to interact with collagen and promote tissue hydration, studies utilizing
conditional knock-outs of HA did not demonstrate any differences in the mechanical properties nor collagen
architecture when compared to normal cervix [96]. On the other hand, this study demonstrated a lack of
epithelial organization in the HA knock-out mouse models. A different study on the rat cervix, however,
demonstrated that the treatment of late gestation rat cervix with hyaluronidase decreased tissue stiffness
and strength [109]. Therefore, the role of HA on cervical mechanical properties is still unclear. Because of
the extreme tissue compliance by this stage of pregnancy, epithelial cell organization could contribute to the
compressive properties of the tissue and therefore the increase in [EGS ] seen in Figure 4.18 may be related
to the increase in HA. Another possibility is the role of HA on the viscoelastic properties of the cervix, since
HA is known to promote tissue viscosity. Therefore, additional stress-relaxation tests and a viscoelastic
model to incorporate the effects of HA are recommended to help elucidate the mechanical role of HA in the
cervix.
6.2.3 Proteoglycans
The major proteoglycan in the cervix is the small proteoglycan, decorin. In Chapter 5, we did not find a di-
rect role of decorin on cervical mechanical properties throughout gestation. Large proteoglycans with large
amounts of GAG side chains are known to provide tissues such as cartilage with a high FCD, leading to high
fluid pressures and large compressive stiffness. On the other hand, small proteoglycans, such as decorin
are known for its roles in collagen fibril organization. In the presented data, a lack of decorin did not ne-
cessitate a reduction in mechanical properties. Rather, the inability of decorin to properly organize collagen
fibrils and elastic fibers in the nonpregnant and early pregnant cervix led to tissues with reduced mechanical
properties.
One drawback of ECM genetic knock-out models of mice is the possibility of compensation by another
ECM structure. As an example, compensation of decorin by another SLRP, biglycan, have been suggested,
where mice with a double-knockout for decorin and biglycan exhibit uterine and fetal membrane dysfunc-
tion, but not for single-knock out models of each [153]. Future assessments in the decorin/biglycan double
knock-out mice will help to understand if there are any partial compensations between these two SLRPs. In
addition, mechanical tests on tendon have demonstrated altered stress-relaxation properties in the decorin
knock-out mice [150]. Therefore, before the direct role of SLRPs on tissue mechanical properties is dis-
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missed, and evaluation of the stress-relaxation response of the knock-out cervix is recommended.
6.2.4 Elastic fibers
In Chapter 5, an assessment of the elastic fiber structure during normal pregnancy through TEM imaging
revealed that between d12 and d18, the elastic fibers remodel from elongated fibers into shortened fibers
(Fig. 5.3). In other connective tissues, elastic fibers are known to provide recoil to tissues. More specifically,
elastic fibers have been shown to keep collagen fibers in their crimped form. In arterial wall, this arrangement
allows the elastic fibers to stretch first, gradually transferring the load to the collagen fiber. Because collagen
fibers are known to be significantly stiffer but more susceptible to damage, the elastic fibers have a key role
in protecting the collagen fibers and thus the tissue from overstretch leading to damage. The shortening of
the elastic fibers in the d18 cervix may reflect a similar role of maintaining crimp to the collagen fibers (as
seen in via SHG). Combined selective enzymatic studies with mechanical tests [77] would help to verify this
elastic fiber-collagen crimp relationship and to better understand the individual roles of collagen and elastic
fibers on cervical mechanical properties.
In the quantitative assessment of the elastic fibers, we did not find any changes in the elastin crosslink,
desmosine, during gestation. Here, we made the assumption that the desmosine crosslinks between the
tropoelastins are conserved during pregnancy and therefore represent total elastin content. Since elastin
is known to be a very stable protein, this is a fair assumption to make, but this may not be true during
pregnancy, when there is a relatively high rate of ECM turnover compared to our physiological remodeling
processes. Therefore, additional studies to evaluate the ratio of desmosine to tropoelastin are warranted.
Although elastin is the main component of the elastic fibers, alterations in the microfibril scaffold compo-
nents are known to affect tissue mechanical properties [76], specifically in its ability to recover after multiple
load-unload cycles. In the mechanical assessment of cervices from PTB mouse models, we found that the
infection-mediated PTB model (d15+LPS) had a lower recoverability compared to d15 cervix. In the TEM
images of the d15+LPS cervix, elastic fibers appeared less integrated onto the microfibril scaffold compared
to d15 cervix [154]. On the other hand, normal term d18 cervix have shortened elastic fibers (Fig. 5.3) and
comparable levels of recoverability with d15 cervix. These data suggest differences in the ability of the elas-
tic fibers to recoil between disrupted elastic fibers and a shortened elastic fibers. More load-unload-recovery
experiments, specifically at higher levels of load, are necessary to further confirm this observation.
One unexpected finding from the study presented in Chapter 5 was the strong trend between the elastic
fiber structure and structural mechanical properties. Specifically, we found a strong trend between higher lev-
els of tissue stiffness, yield stress, and tissue strength with properly assembled elastic fibers (Fig. 5.1&5.5).
Tissue structural stiffness and strength of wild-type cervices were significantly higher compared to Dcn-/-
counterparts except when the elastic fiber structures were similar between the groups. These structural
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mechanical parameters that are measured in the final linear portion of the load-to-break curve where the
majority of collagen fibers are recruited and stretching in the direction of loading. Therefore, these parame-
ters are normally attributed to collagen fibers, since collagens fibers are known to be much stiffer compared
to elastic fibers. However, the mechanical parameter trends did not correlate with the collagen fibril archi-
tecture. These results are particularly surprising, since compromised mechanical properties were found in
nonpregnant tissue, which have stiff, strong collagen fibers. Selectively degrading the elastic fibers via enzy-
matic studies would help to better understand these findings. In particular, studies should focus on whether
or not elastic fibers alone can dictate cervical mechanical properties (by degrading away collagen) and if
the elastic fibers can affect the recoil of the tissue and collagen fiber crimp (by degrading away elastin).
In summary, the exact role of the elastic fibers on cervical mechanical properties is unclear, but the re-
sults presented here suggest that its structure is important for mechanical function. Based on our findings
and known properties of elastin, there are several options for incorporating its effects into th next iteration
of the material model. First, if the relationship between elastic fibers and collagen crimp is verified, a more
physically relevant material model for the fiber in the fiber composite model should be used. As an example,
a fiber model in which the elastic fiber controls the transition from initial toe region into the stiffer linear re-
gion could be used. In this model, a shorter elastic fiber in the undeformed state will take longer to transfer
the load from the elastic fibers to the collagen fibers, thus leading to a longer toe region. To help inform
this parameters, quantitative image analysis of the elastic fiber and collagen fiber structures are needed. A
complete analysis of these structures will be a challenge, because the cervix is a 3-D structure and there-
fore 3-D image analysis techniques may be necessary. If through enzymatic studies, it is revealed that the
elastic fibers have a larger role in determining the large deformation region of the cervical tissue, it may be
necessary to incorporate elastic fibers as a separate fiber family in the fiber composite model. A continuous
distribution model of a neo-Hookean fiber is recommended as a start.
6.3 Role of steroid hormones on ECM structure and tissue proper-
ties
The ultimate goal of this work is to develop a predictive remodeling framework based on steroid hormone
levels. Of the various hormones involved with pregnancy, estrogen (E) and progesterone (P) are of par-
ticular interest for the development of our framework. Decline of E action in post menopausal women has
been tied to loss in bone density, reduction in skin elasticity [155], and are known mediators of LOX, which
in turn mediate collagen and elastin crosslinks. On the other hand, the premature withdrawal of P in the
d15+RU486 mouse model leads to cervical softening and PTB. P supplementation for a select group of
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women with a short cervix and prior history of sPTB, has been shown to be a cost-effective and promising
treatment for preventing PTB [20; 18; 21; 19]. The mechanisms behind the reduction in PTB due to P sup-
plementation, however, is still unclear.
In the study presented in Chapter 5, we uncovered distinct roles of E and P on ECM remodeling with the
Dcn-/- ovariectomized (OVX) mouse model. Specifically, E supplementation led to the repair of disrupted
elastic fibers in the Dcn-/- OVX mice while P supplementation repaired the abnormal collagen fibrils in the
Dcn-/- OVX mice. Therefore, these results suggest that E and P have protective roles which work to repair
disrupted or abnormal elastic fibers and collagen fibrils, respectively. In addition, when a female mouse is
OVX'ed, the cervical tissue becomes very small. With steroid hormone treatment, the tissue size consid-
erably increases (Fig. 6.5). As evident by the dry weights, this growth is due to the addition of solid tissue
matrix and E treatment causes the tissue to grow more compared to P treatment. It should also be noted
that due to the dramatic differences in tissue size, comparisons in the structural mechanical data (Fig. 5.5)
should only be made between the WT and Dcn-/- counterparts. To make comparisons between treatment
groups, further assessment using the IFEA framework is necessary. Therefore, additional modeling work
is required for understand the material properties changes with E and P treatment. In particular, utilizing a
material constitutive model with parameters that related to the collagen and elastic fibers separately should
be utilized. Aforementioned enzymatic studies can help to develop the correct formulation of this material
model and the OVX mouse models can be used to determine functional relationships between E with pa-
rameters associated with elastic fibers and P with parameters associated with collagen fibers.
The OVX models studied in this study were treated with pregnancy levels of E and P, designed to tease
out the individual contributions of the two steroid hormones in ECM remodeling at the end of pregnancy.
In normal pregnancy, E and P levels are dynamic and various signaling mechanisms exist that contribute
to cervical tissue remodeling. Based on the structural data, the stiffnesses of the OVX mouse cervix are
comparable to normal nonpregnant and early pregnant cervix. Therefore, other mechanisms besides E and
P are responsible for tissue softening/remodeling and should be investigated. One potential mechanism
is the increasing stretch induced during pregnancy, which could trigger the cervical cells to initiate MMP
and enzyme activity to breakdown the ECM. Additional studies are necessary to understand the biological
pathways involved with hormone-related cell signaling mechanisms. This need is highlighted by studies
in human pregnancy, where circulating serum P levels do not drop towards the end of the pregnancy, but
the administration of P receptor antagonists, such as RU486, lead to cervical ripening [156] and P receptor
mRNA levels have been shown to decrease at parturition in women [157]. Therefore, in the formulation of
hormone-mediated remodeling, the biological pathways should be carefully incorporated.
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1mm
Nonpregnant OVX
Dry wt = 0.41±0.11 [mg]
1mm
NP OVX+Estrogen
Dry wt = 3.03±0.32 [mg]
1mm
NP OVX+Progesterone
Dry wt = 1.88±0.44 [mg]
Figure 6.5: Treating nonpregnant ovariectomized mice with pregnancy levels of estrogen and progesterone
induces tissue growth in the cervix.
6.4 Towards a hormone-mediated framework for cervical remodeling
in pregnancy
The long-term objective of this study is to develop a hormone-mediated material model for cervical remodel-
ing in pregnancy. Specifically, a mathematical framework to relate hormone action on cell signaling mecha-
nisms to ECM structure to cervical mechanical properties. In the first efforts to develop this framework, this
dissertation work accomplished the following objectives to describe the mechanics of cervical tissue remod-
eling: 1) determine the equilibriummechanical response of the nonpregnant and pregnant cervix via osmotic
swelling and tensile tests, 2) propose a microstructure inspired material model for the cervix, 3) determine
the evolution of material properties in a normal mouse pregnancy, and 4) validate this model with additional
experimental data. Through these studies, we conclude that the the nonpregnant and pregnant mouse
cervix is best modeled as a porous fiber composite model, where tension-compression nonlinearity and a
continuously fiber distribution are key in capturing the 3-D mechanical response of the cervix. Through this
model, we determined that the material parameter connected to the collagen fiber stiffness decreases by 4
orders of magnitude during a normal 19-day mouse gestation. To understand the ECM-mechanical property
changes in the cervix, the role of intermolecular collagen crosslinks and elastic fiber structure on the cer-
vical mechanical changes were investigated. Through these studies, we show that the collagen crosslinks
are involved in the early softening stage, but not in late softening and ripening. In addition, we provide
mechanical data to demonstrate the importance of elastic fiber structure on tissue mechanical properties
and tissue recoverability. Finally, we provide insight into the relationships between steroid hormones and
ECM structure by providing evidence of estrogen and progesterone involvement in altering cervical ECM
and therefore tissue mechanical properties.
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ionization tandem mass spectrometry
(UPLC-ESI-MS/MS) methods
The immature crosslinks dihydroxylysionorleucine (DHLNL) and hydroxylysinonorleucine (HLNL), the triva-
lent crosslinks pyridinoline (PYD) and deoxypyridinoline (DPD), as well as hydroxyproline (OHP) to deter-
mine collagen content were quantified in prepared samples by ultra performance liquid chromatography-
electrospray ionization tandem mass spectrometry (ULPSC-ESI-MS/MS) using a method adapted from [51;
131; 132; 133]. The methods, which consists of two sequential UPLC-ESI-MS/MS assays, is able to mea-
sure PYD, DPD, DHLNL, HLNL, and OHP in a single sample. The sample pretreatment without a reduction
step in sodium borohydride (NaBH4) precluded the measurement of the divalent crosslinks DHLNL and
HLNL.
Calibration standards PYD, DPD and internal standard actetylated PYD (AcPYD) were purchased from
Quidel Corp. (San Diego, CA, USA). DHLNL standards were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). HLNL standards were obtained as a kind gift from Professor Simon P. Robins
from the Rowett Institute of Nutrition and Health, University of Aberdeen, Scotland, United Kingdom. OHP
was purchased from Sigma-Aldrich. Deuterated hydroxyproline (hydroxyproline-D3) was purchased from
C/D/N Isotopes Inc (Pointe-Claire, Quebec, Canada). Heptafluorobutyric acid (HFBA) grade water and
acetonitrile and other common chemicals were purchased from Fisher Scientific (Pittsburgh, PA, USA) or
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Sigma-Aldrich (St. Louis, MO, USA). All assays were carried out on a Waters Xevo TQ MS ACQUITY
UPLC system (Waters, Milford, MA, USA). The system was controlled by MassLynx Software 4.1. The
sample hydrolysate was reconstituted in 20 µL of 2% HFBA solution containing 2µM AcPYD as an inter-
nal standard and throughly vortexed. The sample was then centrifuged at 12,000 g for 15 min at 4oC
and the clear aqueous phase was transferred to an Agilent screw top micro sampling LC/MS vial (P/N
5184-3550. Agilent Tech, Santa Clara, CA, USA) for UPLC-ESI-MS/MS assay of collagen crosslinks [131;
132]. The sample was maintained at 4oC in the autosampler and a volume of 5µL was loaded onto an
ACQUITY UPLC HHS C18 column (2.1 mm inner dimater × 100 mm with 1.8 µm particles, Waters, P/N
186003533), and a 2.1×5 mm guard column with the same packing material (Waters, P/N 186003981). The
column was maintained at 40oC. The flow rate was 500µL/min in a binary gradient mode with the following
mobile phase gradient: initiated with 90% phase A (water containing 0.12% HFBA) and 10% mobile phase
B (acetonitrile containing 0.06% HFBA). The gradient of acetonitrile was increased linearly to 35% over 4
min, then to 95% in 0.2 min and maintained for 1 more min. The column was subsequently conditioned by
using the initial gradient for 1 min after which the next sample was injected. After injection, 5µL from the
remaining sample was transferred to another LC/MS vial and diluted with 995µL of water containing 5µM of
hydroxyproline-D3 as an internal standard for the OHP assay [133]. The sample was vortexed thoroughly,
and 5µL was injected into a Waters ACQUITY UPLC BEH Phenyl column (3mm inner diameter × 100 mm
with 1.7µm particles, Waters, P/N 186004673), preceded by a 2.1 × 5 mm guard column containing the
sample packing material (Waters, P/N 186003979). The column was maintained at 40oC. The flow rate was
500µL/min in binary gradient mode with the following mobile phase gradient: initiated with 99% phase A
(water containing 0.1% formic acid) and 1% mobile phase B (acetonitrile containing 0.1% formic acid). The
gradient of acetonitrile was increased linearly to 50% over 5 min, then to 95% in 0.2 min and maintained
for 1 more minute. The column was then conditioned by using the initial gradient for 1 min and the next
sample was injected. Positive ESI-MS/MS with multiple reaction monitoring (MRM) mode was performed
in all assays using the following parameters: capillary voltage 4kV, source temperature 150oC, desolvation
temperature 500oC, desolvation gas flow 1000L/hr. Optimized MRM parameters are listed in TableA.1.
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Compound MRM transition (m/z) Cone voltage (V) Collision Energy (eV)
Hydroxyproline 132.09>86.07 20 14
Hydroxyproline-D3 135.11 >71.04 20 28
HLNL 292.2 > 84.0 26 28
DHLNL 308.2 > 128.1 31 22
PEN 379.2 > 135.0 40 40
DPD 413.2 > 267.1 44 28
PYD 429.2 > 267.1 44 28
AcPYD (IS) 471.2>267.1 44 28
Table A.1: Optimized multiple reaction monitoring (MRM) conditions
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